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ABSTRACT

Mehta, Dhairya D. Ph.D., Purdue University, December 2014. Dissertation Kinetic
studies of model reactions to transform biomass into fuels. Major Professors: Fabio H.
Ribeiro, Rakesh Agrawal, and W. Nicholas Delgass.

Second-generation biofuels utilizing lignocellulosic biomass are considered to be a
promising alternative to fossil-based fuels. Lignocellulosic biomass is structurally diverse
and therefore requires detailed understanding of the thermal depolymerization and
catalytic hydrodeoxygenation reactions to optimize the overall process. This dissertation
describes the experimental work using model compounds to elucidate the role of
bimetallic catalyst and control the reaction operating parameters such as temperature and
hydrogen pressure to maximize energy recovery in the liquid product from biomass
resource.

Water-gas shift (WGS) is a well-known reaction to produce hydrogen and finds
application industrially in steam-reforming of methane and other fossil-based feedstocks.
Traditionally, gas-phase WGS has been studied on noble metal based catalysts in
experimental conditions relevant to reforming of methane. Recently, aqueous-phase
reforming of oxygenated organic compounds has been considered to be one of the
promising routes to produce hydrogen from sustainable biomass derivatives. One of the

xxiii
hypothesis in that study was that WGS played a vital role in production of hydrogen and
thus it is important to quantify and qualify the contribution of WGS under aqueous
reforming conditions. Platinum (Pt) and platinum-molybdenum (Pt-Mo) catalysts
supported on multi-walled carbon nanotubes (MWCNT) were chosen since they were
studied previously for aqueous-phase reforming of glycerol. Under these conditions,
kinetics of WGS were significantly altered, especially CO order which is ~0.9 compared
to ~0.1 for gas-phase WGS. Furthermore, Mo is shown to alter the kinetics of WGS
reaction in a similar way both in gas and liquid-phase WGS.

Fast-hydropyrolysis followed by in-line catalytic hydrodeoxygenation has been shown to
have the potential to produce hydrocarbon fuels using hydrogen as co-feed. The objective
of the research project was to identify and quantify the primary products of fast
hydropyrolysis as well as establish the effect of temperature on overall product
distribution. A torch igniter typically used in rocket engines was modified to design a
reactor that is able to continuously feed biomass at a g min-1 scale and complete the entire
process from fast hydropyrolysis to condensation of bio-oil in a matter of <70 ms at 3.6
MPa hydrogen pressure. Levoglucosan, cellobiosan, glycolaldehyde and glucopyranosylβ-aldehyde were the major products from cellulose pyrolysis at 500°C. As hydropyrolysis
temperature was increased in the range of 500 to 700°C, the bio-oil product distribution
shifted toward C2-C5 light oxygenates. The identification and quantification of products
with molecular weight higher than the monomer (levoglucosan) at 70 ms residence time
compared to their absence in reactors with residence time of 2-3 s indicate that
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levoglucosan is not the sole primary product of cellulose pyrolysis. Thus a portion of
levoglucosan is a result of dimer (cellobiosan) and trimer (cellotriosan) degradation.

Hydropyrolysis of cellulose resulted in a product distribution that retained most of the
oxygen from parent cellulose. Catalytic hydrodeoxygenation (HDO) therefore assumes
the vital part of selectively removing that oxygen as water and thus transforming the
oxygenated organic compounds to fungible hydrocarbon fuels. Furfural and
dihydroeugenol were the chosen model compounds to represent cellulose and lignin
fraction of biomass. Discerning the role of catalyst descriptors and hydrogen pressure
were the main objectives of the study. A bimetallic catalyst system comprising platinum
as a hydrogenation function and an oxophilic promoter molybdenum supported on multiwalled carbon nanotubes (MWCNT) was used to achieve 100% hydrodeoxygenation.
Furthermore, a series of Pt-Mo catalysts were tested to elucidate roles of Pt and Mo in the
reaction network. Finally hydrogen partial pressure was shown to have a defining say in
the dominant reaction scheme in the network and hence in the final product distribution
as well. Scanning transmission electron microscopy combined with electron energy loss
spectroscopic analysis on the 5%Pt-2.5%Mo/MWCNT revealed that 77% of
nanoparticles were bimetallic Pt-Mo. X-ray absorption spectroscopy also confirmed the
presence of Pt-Mo alloy and that Mo was partially reduced with an average oxidation
state of 0 and +4.

In case of furfural, four major routes observed were: Decarbonylation, reduction of
aldehyde, furan-ring hydrogenation and furan-ring opening. Out of these decarbonylation

xxv
was undesirable since it leads to loss of carbon in the form of carbon monoxide whereas
reduction and furan-ring opening reaction are a result of C-O scission and hence desirable.
Increasing the hydrogen pressure as well the relative Mo loading on the catalysts are
reported to have significant role in increasing the C-O bond scission selectivity.

Dihydroeugenol (DHE) is an aromatic ring with three substituents: alkyl, hydroxyl and
methoxy. These substituents are characteristic of most of the compounds derived from a
variety of lignin depolymerization processes such as pyrolysis/hydropyrolysis,
organosolv extraction et cetera. Previously, the efficacy of Pt-Mo bimetallic catalyst
system in complete hydrodeoxygenation of DHE to propylcyclohexane at 2.4 MPa
hydrogen pressure was shown. In this work, hydrogen pressure was shown to have an
impactful role in the distribution of aromatic to saturated hydrocarbon. At atmospheric
pressure hydrogen, the yield of propylbenzene was 93.2%, and the pathway was deduced
to be a result of direct deoxygenation of 4-propylphenol. Methoxy deoxygenation is
proposed to occur through 4-propyl-1,2-benzenediol intermediate which subsequently
deoxygenated to 4-propylphenol. Additionally, reaction site time yields and selectivity
were compared to monometallic Pt and Mo catalyst in order to gain an understanding of
their individual roles. Combination of results from catalyst characterization and kinetic
studies over a series of Pt-Mo catalysts suggest that the overall site time yield was
proportional to Pt loading, whereas the selectivity toward C-O scission products
increased as the relative Mo to Pt ratio increased.
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CHAPTER 1. INTRODUCTION

1.1

Dependence on fossil fuels

A grand challenge of 21st century is to provide a viable source of energy as development
spreads to different corners of the world. In recognition of this, United Nations has
unanimously declared 2014-2024 as the ‘Decade of Sustainable Energy for All.’1 Our
reliance on fossil fuels can be evidenced by the fact that currently greater than 83% of our
energy demands are provided through one form or other of the fossil fuels.2 However,
many studies indicate that fossil fuel generation will decrease in coming years, exhorting
us to look for alternative means of energy to satisfy our energy needs.3 The demand of
energy is ever-increasing, in fact according to a recent International Energy Agency
report the world population in the last 20 years increased by 27%, and per capita energy
consumption increased by 10%. This clearly underlines a need to prepare for an
eventuality where there would be a need to supplement existing fossil fuel resources with
renewable energy.

Furthermore, fossil fuels account for almost all the energy-related carbon dioxide
emissions.4 Although there are conflicting reports on when we will reach the tipping
point, it is generally agreed that continued carbon dioxide emissions will cause
irreversible damage to the environment. While there are efforts by governments of many
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countries to subsidize clean fuel technologies, the emissions continue to rise unabated
partly due to fast developing economies of BRICS countries.

Figure 1.1 2010 U.S. energy consumption and energy related CO2 emissions share by
fuel4

1.2

Alternative energy resources

Of the alternative energy options, currently only nuclear and solar energy have the
potential to fulfill enormous energy demands of the growing world. Amount of incident
solar energy per year is ~10,000 times higher than estimated annual energy consumption
of the world.5 However, harnessing solar energy to efficiently transform to various
energy forms we currently use is a challenge. Transportation sector alone is responsible
for about 27% of the total energy consumed, of which greater than 90% is derived from
petroleum based fuels.6 Petroleum fuels dominate the transportation sector because of
the extremely high energy density (volume equivalent), ease of use, and the existing
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infrastructure. Currently, researchers have been studying viability of hydrogen-fuel cells,
electric vehicles and liquid fuels derived from biomass as potential replacements.7 The
first two options according to present estimates are much less energy dense, therefore
posing economic challenges to replace gasoline. Furthermore, 7-10% of world crude oil
production is diverted to petrochemicals industry for producing valuable olefins and
aromatics.8 The net production rate of petrochemicals has continuously seen an upward
trend and in the coming decades an alternative source would be required to continue
using popular products like synthetic textiles, rubbers, electronic gadgets et cetera.

1.3

Biomass transformation routes to fuels

Biomass is the only sustainable source for both the carbon compounds and fuels which
can use the same infrastructure that has been developed for petroleum. Using biomass as
a feedstock would have two additional benefits, environmental and energy-independence.
Fuels from biomass are considered carbon neutral since all carbon dioxide that is released
from combustion is captured by the future cycles of biomass growth. Also, developing an
energy system centered on biomass would help many countries lessen their reliance on
other regions of the world for supply of primary energy. However, the biomass
conversion route is also fraught with challenges. One of them is low bulk and energy
density of biomass (150 kg/m3) compared to petroleum oil (850 kg/m3), leading to high
transport costs. Moreover, the oxygen content of biomass is about 35-40% by weight
compared to <1% for crude oil.9 Both these reasons dictate that transformation of
biomass to a high energy density form at a local facility has the potential to have an
economic edge over those which rely on long-distance transportation. This energy form is
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envisioned to be low in oxygen content so that it is stable as well as amenable to be fed to
existing refinery infrastructure.

Major constituents of lignocellulosic biomass include cellulose (30-50%), hemicellulose
(15-30%) and lignin (10-30%).10 Cellulose is a linear polymer composed of repeating six
carbon glucose units primarily linked to one another by glycosidic bonds. Hemicellulose
is a branched polymer consisting of five and six carbon monosaccharide units that link
cellulose fibers into microfibrils as well as cross-link with lignin. Lignin comprises of
three monomer units: p-coumaryl alcohol, guaiacyl alcohol and syringyl alcohol. Lignin
is a three-dimensional amorphous polymer with an aromatic backbone which provides
individual fibers with strength. The relative proportion of its three building blocks is
dependent on type of biomass. Among the constituents, lignin has the lowest oxygen to
carbon ratio.
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Figure 1.2 Cellulose, hemicellulose and lignin chemical structure11,12

Most of the biomass processing options can be either classified under the biological
conversion route or the thermochemical conversion route.10 First generation biofuels
were produced from biological conversion route, including the widely studied ethanol.
Since, these are relatively volatile, as well as retain oxygen and thus water solubility; they
are limited in use and can be blended only to a certain extent to petroleum based fuels.
Moreover, this route only utilizes the sugar fraction of biomass, with rest of the carbon
(up to 25%) generated as a waste by-product. In order to surpass the ‘blend-wall’ and to
utilize the entire plant, second generation biofuels were developed based on
thermochemical technologies.

6
This route involves thermally treating biomass or its hydrolyzed constituents with or
without a catalyst to produce fuel-like compounds and various other valuable chemicals.
Among these, aqueous-phase processing of sugar molecules, gasification and pyrolysis
have been prevalent technologies. Biomass feedstocks are available in wide variety such
as starch, energy crops, food waste, forestry residues, urban municipal waste etc. Within
a single type of feedstock as well, there can be varying proportion of constituents which
can have different properties. It is unlikely that a solitary process will be optimum for all
these feedstocks and their respective constituents. For example, bagasse a waste byproduct from sugarcane industry has 40-50% water content; it could be improvident to
dry it for gasification or pyrolysis processing.13 On the contrast, it may not be good
economics to lower carbon efficiency from energy crops, where using processes like
pyrolysis it may be possible to convert most of the carbon in plant material to liquid
product.
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Figure 1.3 Thermochemical treatment options Serrano-Ruiz et al.14

None of thermochemical treatments have been shown to produce hydrocarbon
compounds standalone without the use of a catalyst. Catalysts therefore hold the key to
transform the biomass or thermal decomposition products from biomass in to fungible
transportation fuels. However, the current understanding behind the operating parameters
and catalysts in these processes is limited. Since biomass feedstocks have such varied
components and products of thermal treatments are even more diverse, it is prudent to
perform studies on model reactions and apply the gained information to a real system.
Researchers at University of Wisconsin, Madison have proposed aqueous phase
reforming of biomass to utilize the sugar fraction of biomass to make hydrocarbon fuels,
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hydrogen and other platform chemicals.15–17 This process is one of the promising
methods to produce hydrogen from a renewable biomass source with high yields over Ptbased catalysts. Parsell et al. have reported a concept of recovering lignin from intact
biomass using a single step catalytic transformation to selectively produce 2-methoxy-4propylphenol and 2,5-dimethoxy-4-propylphenol.18 In contrast to these technologies,
gasification and pyrolysis utilize all biomass constituents and without use of solvent
resulting in significant savings in terms of operating costs.

1.3.1

Pyrolysis

Pyrolysis can process intact biomass to transform all constituents into useful products.
Fast pyrolysis involves rapidly heating biomass in an inert atmosphere up to 500°C which
results in breakdown of its constituents to liquid products collectively named bio-oil. The
process of heating up biomass to vaporize and condensation to bio-oil is completed in a
matter of 1-10 seconds.19 Bio-oil retains an oxygen content of 35-50% similar to parent
biomass and a low pH.20 Also, the energy content of bio-oil is in the range of 16-19
MJ/kg compared to ~40 MJ/kg of gasoline. As the bio-oil is aged, the reactive oxygen
functional groups lead to degradation reactions which increase viscosity, average
molecular weight and thus instability. During the upgrading process, while reheating/
vaporizing the bio-oil, polymerization reactions are known to occur which may further
lower the overall efficiency of the process.21
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Figure 1.4 Concept of H2Bioil process22 (© R. Agrawal)

Agrawal and Mallapragada have argued that biomass should be primarily viewed as a
carbon resource, not only as an energy source.23 Keeping this in mind, Agrawal and coworkers,22,24–26 have proposed a series of hybrid approaches based around fast
hydropyrolysis to collect a stable liquid product with a view to maximize carbon yield in
the liquid. One of them called the H2Bioil process, involves pyrolyzing biomass in
presence of high pressure hydrogen followed by in-line vapor phase catalytic
hydrodeoxygenation to produce transportation fuel. This process overcomes few of the
issues with conventional hydrotreating processes as the collected liquid product is
envisioned to be free of the reactive oxygen functional groups. The argument for using
high pressure hydrogen is motivated from traditional hydrotreating processes where use
of high pressure hydrogen is instrumental in successful desulfurization of the refinery
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feedstock.27 Singh et al. reported a detailed economic analysis of H2Bioil process
revealing that depending on the hydrogen source the break-even price for this process
could be in the range of $103-$143/bbl of crude oil.28

1.4

Thesis objectives

In a broader sense the goal of this dissertation was to identify descriptors for optimization
of biomass transformation reactions to produce fuels via fundamental kinetic studies. In
this dissertation, following projects are discussed:

1.4.1

Liquid-phase water-gas shift reaction

Water gas shift (WGS) reaction is considered to be one of the hydrogen producing steps
in aqueous phase reforming of biomass-derived oxygenates.29 However, the
quantification of water-gas shift reaction rate in liquid-phase conditions is not known. Pt
and Pt-Mo catalysts have been reported to have different selectivity toward hydrogen
production in aqueous phase reforming. The idea then was to estimate the rate of WGS
reaction for both Pt and Pt-Mo catalysts under aqueous phase reforming conditions and
explain the difference in hydrogen production. Furthermore, comparing the kinetics of
WGS reaction in both gas-phase and liquid-phase may help bridge the gap.

1.4.2

Millisecond timescale hydropyrolysis of cellulose

In literature, there is a debate about the pathway of cellulose hydropyrolysis.30 Studies
performed on a milligram timescale in a batch reactor exhibit a product distribution
which is different from continuous feed lab-scale reactor. The goal in this project was to
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design and operate a continuous-feed millisecond residence time scale in order to bridge
the gap between two scales of reactor design which would help resolve the cellulose
hydropyrolysis reaction pathway.

1.4.3

Hydrodeoxygenation kinetics of furfural over a series of Pt-Mo catalysts

Catalytic hydrodeoyxgenation of biomass-derived oxygenates has been typically carried
out at atmospheric pressure hydrogen in contrast to current hydrotreating processes in the
refinery. The influence of hydrogen pressure is unknown in the literature and there is a
need to carry out detailed experimental analysis as expressed in a recent review paper.
Moreover, utilizing extensive catalyst characterization in tandem with kinetic studies it is
proposed to determine the structure-activity relationship.

1.4.4

Dihydroeugenol hydrodeoxygenation: Role of hydrogen, Pt and Mo

Dihydroeugenol a lignin-based model compound is reported to undergo ring
hydrogenation followed by methoxy and hydroxyl losses to produce saturated
hydrocarbon at 2.4 MPa hydrogen pressure over the bimetallic Pt-Mo catalyst.31 The aim
of this study was to perform a detailed hydrogen pressure study and reveal its effect on
the pathway of hydrodeoxygenation and the final product distribution. Furthermore, it
was envisioned to elucidate the role of Pt and Mo in the reaction pathway.
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CHAPTER 2. KINETICS OF THE LIQUID PHASE WATER-GAS SHIFT
REACTION ON PLATINUM-BASED CATALYSTS

2.1

Abstract

The water-gas shift (WGS) reaction was carried out in liquid-phase in a stirred tank
reactor at 4 MPa over Pt and Pt-Mo catalysts supported on norit-carbon and multi-walled
carbon nanotubes (MWCNT). The objective of this work was to measure the kinetics for
the WGS reaction in aqueous phase reforming conditions. The turnover frequency (TOF)
under reaction conditions of 160°C, PCO = 0.4 MPa, PH2 = 0.4 MPa, PCO2 = 0.02 MPa,
PH2O = 0.5 MPa was 3.3·10-2 s-1 for Pt-Mo/MWCNT, four times higher than the TOF of
7.4·10-3 s-1 measured on monometallic Pt/MWCNT. The apparent activation energy
measured for Pt-Mo/MWCNT was lower than Pt/MWCNT for both gas-phase and liquidphase WGS. The kinetics for liquid-phase WGS follow [CO]0.88[CO2]-0.28[H2]-0.35
dependence for Pt/MWCNT and [CO]0.89[CO2]-0.29[H2]-0.32 dependence for PtMo/MWCNT, suggesting that Mo altered kinetics in a similar way for both gas-phase
WGS and liquid-phase WGS.
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2.2

Introduction

As world fossil fuel reserves diminish, the search for renewable sources of energy
becomes even more urgent. Hydrogen has received considerable attention as a promising
alternative source of energy or as a co-feed to biomass processing technologies to
augment liquid fuels yield.32 Currently hydrogen is produced primarily from nonrenewable natural gas and petroleum.33

Thus, the present challenge is to produce

hydrogen using renewable and environmentally benign sources instead. One of the
promising routes to produce hydrogen is aqueous reforming of water-soluble oxygenated
compounds derived from biomass.29,34 Cortright et al.29, suggested a complex reaction
network for aqueous phase reforming that includes the water-gas shift (WGS) reaction as
an important hydrogen producing step. Thus, it is important to understand the WGS
contribution to hydrogen production in aqueous phase reforming.

Water-gas shift has traditionally been an important industrial reaction for synthesis of
ammonia, optimization of hydrogen/carbon monoxide ratio in steam reforming and
minimization of carbon monoxide in fuel cell applications.33 WGS is a reversible reaction
wherein carbon monoxide reacts with water to give carbon dioxide and hydrogen. It
allows maximization of hydrogen production and simultaneous minimization of toxic and
undesirable carbon monoxide.

CO  H 2 O  CO2  H 2
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Thus, WGS can be used as a secondary reaction to optimize the H2/ CO ratio in the
product stream.35 WGS has already been studied extensively in gas-phase conditions over
a variety of catalysts including noble metal catalysts like platinum, palladium, and
gold.33,36 The gas-phase WGS has typically been studied at a total pressure of 1 bar and
temperature of 280-300°C for Pt catalysts. Liquid-phase reforming is carried out at 25 bar
and temperatures of about 200-220°C.37 In addition to this the phase of reaction is
different for gas-phase WGS and liquid-phase reforming. Density functional theory (DFT)
studies on the activation of water on Pt surfaces by Desai and Neurock38 suggest that the
activation barrier might be significantly reduced in presence of liquid water. This study
was backed up by experimental evidence from He et al.39 which also suggested that CO
coverage on Pt/Al2O3 could be lowered in the presence of liquid water.

Determination of kinetics of WGS in liquid-phase thus becomes critical to accurately
estimate the WGS rate under liquid-phase reforming conditions. There have been studies
on Pt and Pt-Mo catalysts for aqueous phase reforming.40 Therefore, liquid-phase WGS
(LWGS) was studied over Pt and Pt-Mo catalysts supported on norit-carbon and multiwalled carbon nanotubes to elucidate the role of WGS in liquid-phase reforming.

In this work, we have determined the kinetics of the WGS reaction in liquid phase
conditions. Water was both a solvent and a reactant in the WGS reaction. The reaction
was carried out at temperatures of 130-160°C and high pressure (~4 MPa) to maintain
liquid phase conditions. A stirred tank reactor was used to carry out the semi-batch

15
operation. The measured rate was proven to be kinetically controlled using the KorosNowak criterion.41 The observed rate was modeled according to the power law:
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We have also compared the kinetics of LWGS with gas-phase WGS, revealing agreement
between liquid-phase data and extrapolated gas-phase data.

2.3
2.3.1

Experimental Methods
Catalyst preparation

Liquid phase water-gas shift was studied on Pt and Pt-Mo catalysts prepared by incipient
wetness impregnation (IWI) on norit-carbon (C) and multi-walled carbon nanotubes
(MWCNT).The norit-carbon catalysts were prepared by first depositing Pt using an
aqueous solution of chloroplatinic acid hexahydrate (Strem Chemicals). This material
was dried in air overnight at 120°C. For Pt-Mo/C catalysts a second impregnation was
done using a molybdenum hexacarbonyl in THF solution to give a 1:1 Pt:Mo atomic ratio.
Then, this catalyst precursor was dried in air overnight at 25°C. After drying, the material
was reduced in flowing hydrogen for 2 hours at 450°C (0.6°C/min ramp). Finally,
passivation of the catalyst was carried out at 25°C using a 2% O2/He mixture.

Multi-walled carbon nanotubes (MWCNT) obtained from Cheap Tubes, Inc. were acid
treated by refluxing the as-received nanotubes in concentrated nitric acid for 4
hours. Next, the MWCNT were washed in deionized water, centrifuged, and decanted
for 15 washes.
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The Pt/MWCNT catalyst was synthesized by IWI using an aqueous solution of
tetraamineplatinum (II) nitrate. The wet catalyst was then dried in air overnight at
150°C. Before running the reaction the catalyst was reduced in flowing hydrogen for 2
hours at 400°C (2 hour ramp). The Pt-Mo/MWCNT catalyst was synthesized by
sequential impregnation of aqueous solutions of tetraamineplatinum (II) nitrate and
ammonium heptamolybdate tetrahydrate, with overnight drying in air at 60°C between
impregnation steps. The salts were calculated to give weight loading of 5 percent Pt and
2.46 percent Mo, or 1:1 atomic ratio of Pt: Mo. The wet catalyst was then dried in air
overnight at 150°C. Before running the reaction the catalyst was reduced in flowing
hydrogen for 2 hours at 450°C (2 hour ramp).

2.3.2

Catalyst characterization

The platinum content of the catalysts was determined by inductively coupled plasma
optical emission spectrometry (ICP-OES) test performed by Galbraith Laboratories,
Knoxville, TN. The platinum particle size was determined by transmission electron
microscopy (TEM) using an HRTEM FEI Titan 300kV. TEM samples were prepared by
dissolving 1µg catalyst in 0.5ml ethanol, and dispersing the suspension in an ultrasonic
bath for 5 minutes. The solution was then dropped onto 200 mesh lacey carbon-coated
copper grids, and the grids were dried for 15 minutes at room temperature. The
experimental setup and technique have been discussed in detail elsewhere.42 The
platinum dispersion was also measured by CO chemisorption in a standard volumetric
Micromeritics ASAP 2020 instrument. The procedure consists of evacuation at 300°C for
8 hours. This evacuation is followed by H2 reduction at 300°C for 120 min followed by
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evacuation at the same temperature for 180 min. Analysis step was carried out at 35°C
and a pressure range of 200-400 mmHg CO. A Pt/CO stoichiometry of 1 was assumed to
estimate the moles of surface Pt. X-ray absorption spectroscopy (XAS) experiments were
carried out at the Advanced Photon Source (APS) at Argonne National Laboratory.43,44
Spectra were collected for three Pt/C catalyst samples: fresh catalyst reduced under
flowing H2 at 450°C for 2 hours, used catalyst for carrying out liquid-phase WGS
reaction, and used catalyst for liquid-phase WGS and subsequently for chemisorption.

2.3.3

Kinetic studies

All the experiments for LWGS were carried out in a stirred tank reactor (Parr Instrument
Co.) at 4 MPa and 130-160°C [Figure 2.1]. The capacity of this reactor without the
internals is 500 ml. The reactor is equipped with a gas entrainment impeller, dip tube,
thermowell and a pressure gauge. Inlet gas enters through the dip tube, ensuring that gas
does not directly bypass to the outlet of reactor. Gas back mixing was achieved through
an entrainment impeller which draws gas in the head space into its hollow stirring shaft
when the impeller is operated above 600 rpm. Baffles are inserted into the reactor to
avoid vortex formation and enhance liquid mixing.
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Figure 2.1 Process flow diagram of the experimental setup to study LWGS

The exit gas stream was analyzed using an online Agilent 7890 Gas Chromatograph (GC)
equipped with a Thermal Conductivity Detector (TCD) and a Carboxen 1000 column.
Helium was used as the carrier gas. In a typical run approximately 350 ml of water was
loaded into the reactor along with the 0.7-1 g catalyst. At the outlet of reactor there is a
vertical tube approximately 10 cm in length which allowed any entrained water droplets
to coalesce and return to the reactor. Since only water saturated at room temperature is
allowed to leave the reactor in the outlet gas stream we lost minimal quantities of water
resulting in more than half of liquid water retained after 100 hours of experiments.
Maintaining liquid water was important as no water was fed through the inlet stream and
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water partial pressure would be controlled only if there was liquid water present in the
reactor.

Before beginning reaction, the catalyst was reduced in-situ under 3 MPa H2 and 1 MPa
Ar for about 3-4 hours at 200°C. It was observed that the water-gas shift rate increased
when the Pt/norit-C catalyst was exposed to 2.6 MPa CO for the first time and remained
stable at the high value afterwards. Thus, the catalyst was exposed to 2.6 MPa carbon
monoxide for about 4 hours until the exit gas concentration was constant before starting
the kinetic measurements. Further details of this phenomenon are presented in the
discussion section. After CO pretreatment the reactor was then pressurized to 4 MPa by
flowing the feed gases (Ar, CO, CO2 and H2) through a bank of mass flow controllers
into a gas manifold which is connected to the reactor inlet [Figure 2.1]. The total gas flow
rate was 300 ml min-1 (10% CO, 10% H2 and balance Ar). Argon served as an internal
standard. The pressure was controlled using a back-pressure regulator at the exit of the
reactor. Temperature was then increased to the set-point at about 5°C/min. Once the
reactor reached steady temperature and pressure, analysis using gas chromatograph was
started and gas samples were taken every 15 minutes. Using the bypass, the peak areas
from the GC were calibrated against flow rates from the mass flow controllers. This
calibration was then used to estimate the exit gas composition from the peak areas during
the run. For a differential reactor, the rate per gram of catalyst can be directly computed
from difference between inlet and outlet gas composition. This rate per gram of catalyst
was further normalized to rate per moles of surface metal (TOF) using techniques
described in the catalyst characterization section. It was observed that the value of rate
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per moles of surface metal agreed to within 10% for replicate runs. The apparent
activation energy was estimated over a temperature range of 30°C, keeping the gas
composition constant. For the measurement of apparent reaction orders, the partial
pressure of reactants and products was varied in the range of 0.4-2 MPa CO, 0.4-2 MPa
H2 and 0.2-0.6 MPa CO2.

Gas-phase WGS was carried out in the unit described in Bollmann et al.45 This unit has
four parallel plug flow reactors operated under differential conditions. About 200-250 mg
of catalyst sample was loaded into the reactor. The catalyst was reduced prior to the
kinetic measurements using 25% H2 and balance Ar with a total flow rate of 50 ml min-1
at 300°C for 2 hours. The catalyst is then stabilized at 300°C for 20 hours to obtain a
steady reaction rate value. Further details on treatment conditions for Pt catalysts are
described in Pazmiño et al.46

2.4
2.4.1

Results

Catalyst characterization

Table 1 lists the catalysts used, metal loading, and the average metal particle size derived
from TEM measurements. The dispersion was calculated from the relation that the
dispersion is equal to the inverse of the average particle size in nm.47,48
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Table 2.1 Percentage Pt loading and particle size/dispersion by TEM for catalysts
Particle Size/ nm
Dispersion
% Pt Loading
Catalyst
(ICP-OES)
Fresh
Used
Fresh
Used
5% Pt/C

4.8

2.2

4.3

0.45

0.23

1%Pt/C

1

1.7

4.3

0.59

0.23

4.5

2.3

2.6

0.43

0.39

5% Pt/MWCNT

-

2.2

3.7

0.46

0.27

5% Pt-Mo/MWCNT

-

2.9

3.3

0.34

0.30

5%Pt-Mo/C

The comparison for fresh and used catalysts, shown in Figure 2.2 and Figure A1.1
indicates that the catalysts have sintered during use. However, it is important to note from
(b) and (c) in Figure A1.1 that the metal particle size after CO activation was more or less
the same as it was after the kinetics were measured.

Figure 2.2 TEM Image and size distribution for fresh 5%Pt/C
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The average particle size from TEM for the 5%Pt/C is in agreement with the results
obtained from XAS experiments [Table 2.2]. The average particle size was determined
from the average metal-metal coordination number as detailed in Miller et al.43,49

Table 2.2 Average particle size for the 5% Pt/C from XAS
Debye
Waller
Treatment

Scatter

N

R/ Å
factor

Eo/ eV

Size/ nm

(x 103)
Fresh

Pt-Pt

6.8

2.73

2.0

-3.0

2.0

Pt-Pt

9.8

2.73

1.0

-2.5

5.0

Pt-Pt

9.8

2.73

1.0

-2.6

5.0

Used, After
High Pressure CO
Used, After LWGS
and Chemisorption

2.4.2

Proof of kinetic control

Variation of agitation speed, variation of total gas flow rate and changing the active
material concentration (Koros-Nowak criterion) were used to test for heat and mass
transport limitations.41
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Figure 2.3 Effect of agitation speed on measured rate to determine the minimum agitation
speed above which TOF remains constant

The rate of reaction was measured as a function of agitation speed (Figure 2.3), and the
reactor was operated at an agitation speed above which the TOF was constant. No effect
of total gas flow rate was observed on TOF as evidenced by similar TOF’s obtained for
5%Pt/C for 100sccm (4.7 ± 0.4 · 10-3 s-1) and 300sccm (6.9 ± 0.6 · 10-3 s-1) gas flow rates.

Finally, we used the Koros - Nowak criterion, which states that in the kinetic regime the
TOF must be invariant as the concentration of active material is changed.41,50 Two
catalysts with different Pt loading but similar dispersion were synthesized and tested for
this purpose. For LWGS, the TOF for 5%Pt/C was (6.9 ± 0.6 · 10-3 s-1) and for 1%Pt/C
was (5.8 ± 0.6 · 10-3 s-1), thus the data suggest that TOF is independent of the metal
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loading on the catalyst at dispersion values of about 0.23 for both catalysts. Collectively,
these kinetic results indicate that the rate measurements in this study are not influenced
by heat and mass transport limitations.

2.4.3

Kinetics

The turnover frequencies reported are per surface metal atom, as calculated from average
particle size estimated by TEM images. The apparent activation energy and reaction
orders with respect to CO, H2 and CO2 were determined in the following way. Each set of
experiments were started at standard conditions to check for deactivation. The rates at
these standard conditions were reproduced to within 10%.
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Table 2.3 Kinetics of WGS reaction in gas-phase and liquid-phase for Pt and Pt-Mo
catalysts
LWGS
LWGS
LWGS
LWGS
PtMo
Pt/C
Pt/MWCNT
PtMo/C
/MWCNT
TOF*/ 10-3 s-1
Eapp/ kJ mol-1

6.9 ± 0.6

7.4 ± 0.6

50 ± 5

33.2 ± 5

82 ± 3

80 ± 3

76 ± 2

69 ± 6

(150-180)

(150-180)

(110-150)

(150-180)

0.47 ± 0.08

0.88 ± 0.08

0.22 ± 0.01

0.89 ± 0.06

(0.4-2.6)

(0.4-2.6)

(0.4-2.6)

(0.4-2.6)

-0.33 ± 0.06

-0.35 ± 0.06

-0.35 ± 0.03

-0.32 ± 0.04

(0.4-2.6)

(0.4-2.6)

(0.4-2.6)

(0.4-2.6)

-0.30 ± 0.08

-0.28 ± 0.08

-0.30 ± 0.05

-0.29 ± 0.03

(0.2-0.6)

(0.2-0.6)

(0.1-0.4)

(0.2-1)

160

160

130

160

(Temperature
Range/ °C)
NCO
(PCO Range/
MPa)
NH2
(PH2 Range/
MPa)
NCO2
(PCO2 Range/
MPa)
Temperature/ °C

*LWGS TOF normalized by Pt surface area from TEM to Reaction Conditions:
P
P
P
T = 160°C, CO = 0.4 MPa, H 2 = 4 bar, PCO2 = 0.02 MPa, H2O = 0.5 MPa
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Table 2.4 Kinetics of WGS reaction in gas-phase and liquid-phase for Pt and Pt-Mo
catalysts
WGS
WGS
WGS
WGS

TOF*/ 10-3 s-1
Eapp/ kJ mol-1

Pt/C

PtMo/C

Pt/MWCNT PtMo/MWCNT

11.7 ± 1.8

6.2 ± 1

2.7 ± 0.4

6.8 ± 1

71 ± 6

72 ± 6

82 ± 2

61 ± 3

(290-320)

(270-300)

(260-290)

(215-245)

0.14 ± 0.06

0.19 ± 0.01

0.12 ± 0.03

(0.004-

(0.004-

(0.004-

(Temperature
Range/ °C)
NCO
(PCO Range/ MPa)

NH2
(PH2 Range/ MPa)

NCO2
(PCO2 Range/ MPa)
Temperaturea/ °C

0.15 ± 0.02
(0.004-0.021)
0.021)

0.021)

0.021)

-0.33 ± 0.04

-0.24 ± 0.03

-0.44 ± 0.01
-0.28 ± 0.01

(0.014-

(0.014-

(0.014(0.014-0.055)

0.055)

0.055)

0.055)

-0.08 ± 0.03

-0.09 ± 0.01

-0.06 ± 0.01
-0.04 ± 0.02

(0.005-

(0.005-

(0.005-

0.025)

0.025)

0.025)

300

278

270

(0.005-0.025)
225

a: Temperature used in the order measurements and for rate measurement
*Gas-phase WGS TOF normalized to Pt surface area from chemisorption to Reaction
conditions:
PCO = 0.007 MPa, PH 2 = 0.037 MPa, PCO2 = 0.011 MPa, PH2O = 0.022 MPa
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2.4.4

Gas-phase WGS vs. LWGS (Pt/C and Pt/MWCNT)

Table 2.3 and 2.4 entails the experimental conditions and kinetics measured for liquidphase WGS (LWGS) and gas-phase WGS for all the catalysts. The measured apparent
activation energies of all the catalysts are within the range 65-85 kJ mol-1. However, it is
important to note that the temperature range over which the activation energies were
measured differs for liquid and gas-phase WGS. The carbon monoxide order in LWGS is
observed to be 0.5 for Pt/C, significantly higher than 0.14 obtained for gas-phase WGS.
When compared with gas-phase WGS, the hydrogen order is similar to that obtained for
LWGS, however, it is measured at a high pressure range. The carbon dioxide order in
LWGS is -0.30 whereas for gas-phase WGS the order is -0.08.

Pt/MWCNT catalyst was investigated for LWGS to check whether the CO activation
phenomenon was observed as in Pt/ C, or the CO activation is attributable to the carbon
support. We found that the TOF for Pt/MWCNT (7.4 ± 0.6 · 10-3 s-1) was comparable to
Pt/C (6.9 ± 0.6 · 10-3 s-1). We did not observe any change in measured TOF when the
catalyst was exposed to 2.6 MPa CO. This tells us that CO activation phenomenon is an
artifact of the norit-C support. Kinetic measurements were also performed on this
Pt/MWCNT catalyst. The activation energy (~75 kJ mol-1), hydrogen order (~-0.35) and
carbon dioxide order (~-0.30) were similar to corresponding measurements for Pt/C.
However, the CO order of 0.88 for Pt/MWCNT was higher than the value of 0.5 reported
for Pt/C.
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Figure 2.4 Kinetic studies on Pt/MWCNT (a) Arrhenius plot for estimating activation
energy, (b) Order plot for CO, H2 and CO2
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2.4.5

Pt/MWCNT and Pt-Mo/MWCNT

One of the objectives of this study was to evaluate the effect of Mo as a promoter for
WGS reaction. The TOF obtained for Pt-Mo/MWCNT is 3.3 · 10-2 s-1, or approximately 4
times higher than 7.4 · 10-3 s-1 for Pt/MWCNT. The apparent activation energy for PtMo/MWCNT is lower than Pt/MWCNT for both LWGS and gas-phase WGS [Table 2.3
and 2.4]. The reaction orders were similar between both catalysts for CO (0.88 and 0.89),
H2 (-0.35 and -0.32) and CO2 (-0.28 and -0.29). For Pt/C and Pt-Mo/C, measured kinetics
were similar except for CO order (0.47 and 0.22), which was higher for Pt/C.

2.5
2.5.1

Discussion

Comparison between LWGS and gas-phase WGS – Pt

It is important to identify the relevant parameters when comparing the gas-phase WGS
results to LWGS. Gas phase kinetics were measured at a temperature of 280°C and a
pressure of 0.1 MPa (Partial pressure of CO = 0.011 MPa, H2 = 0.037 MPa, CO2 = 0.005
MPa, H2O = 0.022 MPa, balance Ar) compared to a temperature of 160°C and a pressure
of 4 MPa (Partial pressure of CO = 0.4 MPa, H2 = 0.4 MPa, CO2 = 0.02 MPa, H2O = 0.5
MPa, balance Ar) for LWGS. Apparent activation energy was found to be within the
range of 65-85 kJ mol-1 for both catalysts in gas-phase WGS and LWGS. However,
during LWGS it is not possible to decouple the effects of water partial pressure and
temperature due to the vapor-liquid equilibrium of water. We have assumed that vapor
pressure of water is equal to the partial pressure of water, a valid assumption under
Raoult’s law for a single component liquid. Because partial pressure of water is a
function of temperature, what is measured is actually a lumped parameter encompassing
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effects of temperature and water partial pressure, not apparent activation energy alone.
However, as the operating water partial pressure (0.5 MPa) is much greater than gasphase WGS water partial pressure (0.022 MPa), the water order in LWGS should be
lower than the observed water order for gas-phase WGS (order ~0.6). The equation given
below shows the relationship between water order and activation energy derived by
fitting the exponential dependence of water vapor pressure with temperature (see
Appendix A for details).
measured
Eapp  Eapp
 41  N H 2O

There were three main parameters affecting the coverage of reactants or products on the
catalyst, and thus the observed reaction orders. The first parameter was reaction
temperature. LWGS rates were measured at a lower temperature of 160°C as opposed to
gas-phase WGS rates at 300°C. It is expected that the coverage will increase at lower
temperatures. The second parameter was the partial pressure range. For each gas the
pressure range over which the order was measured for LWGS was much higher than the
range for gas-phase WGS, which leads to increased coverage for each gas. Also, water
partial pressure is much higher in LWGS (0.5 MPa) as compared to gas-phase WGS
(0.022 MPa), so it is very likely that water coverage in LWGS will be higher compared to
gas-phase WGS. This higher coverage of water will have an adverse effect on coverage
of other gases because of competitive adsorption. It has been established that the
coverage of each gas component will be higher in LWGS than gas-phase WGS due to
lower temperature and higher partial pressure of gases, but will decrease due to the higher
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partial pressure of water. For reactants the order is inversely related to coverage.
Conversely, as the coverage of products increases as it inhibits the reaction, leading to a
more negative order.

Carbon monoxide order for Pt/MWCNT in LWGS is 0.88, compared to 0.19 in WGS;
this means that the carbon monoxide coverage in LWGS is lower than in WGS. Thus,
competitive adsorption between carbon monoxide and water plays a major role.
Hydrogen order is similar for LWGS and WGS, and this can be explained by competition
between pressure of operation and competitive adsorption with water. Carbon dioxide is
more inhibiting in LWGS compared to WGS. This could be due to higher partial pressure
of CO2 and lower temperature of operation

2.5.2

Comparison between Pt and Pt-Mo/MWCNT

LWGS is observed to be 4 times faster for Pt-Mo/MWCNT as compared to Pt/MWCNT.
A similar promotion ratio (~ 3) is also observed for gas-phase WGS. Also, it can be seen
that for both LWGS and gas-phase WGS the apparent activation energy is lower for PtMo/MWCNT compared to Pt/MWCNT. This shows that Mo modifies the kinetics of
LWGS in a similar way as in gas-phase WGS.

However, in the case of norit-carbon supported catalysts, a promotion factor of about 10
was observed for Pt-Mo when compared to Pt for both LWGS and gas-phase WGS.
When comparing kinetics it is observed that only CO order is different. There is one
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caveat while comparing kinetic parameters between Pt/C and Pt-Mo/C: The temperature
of operation for Pt/C (160°C) was higher than Pt-Mo/C (130°C).

2.5.3

Effect of high pressure CO on Pt/C reaction rate and possible presence of sulfur

When the Pt/C catalyst was exposed to 2.6 MPa CO for the first time, an increase in the
measured rate was observed. The high rate value was reproducible for subsequent runs.
One of the reasons for this phenomenon could be presence of sulfur covering the Pt on
the catalyst. During catalyst preparation the catalyst is pre-reduced at 400°C before being
loaded into the reactor. Sulfur impurities from the carbon support could migrate to the
platinum due to high temperature of pre-reduction. A sulfur-poisoned Pt catalyst would
have shown a low rate initially. Sulfur could then have been driven out on exposure to a
high pressure of carbon monoxide, increasing the observed rate. Studies on model
catalysts have suggested that carbon monoxide has the capability to drive out or compress
sulfur on Pt.51,52 This theory is corroborated by the chemisorption results. Since the
carbon support is high surface area, degassing for used catalyst (exposed to liquid water)
requires treatment at 300°C for 6-8 hours. The prolonged exposure to high temperature
can result in sulfur covering Pt again. On the other hand, the fresh Pt/C sample was
degassed at 150°C. The dispersion shown after chemisorption is lower by 5-6 times as
compared to the one calculated from TEM images for the used sample, in contrast to
similar values of dispersion obtained for fresh sample by chemisorption and TEM. Lower
dispersion can be caused by either increased particle size or a decrease in surface Pt sites
by a catalyst poison. Since TEM indicated only a modest increase in the particle size, we
suspect sulfur as a poison, because it is a known contaminant in carbon supports.
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Table 2.5 Comparison of dispersion of fresh and used Pt/C samples using TEM and
chemisorption
Dispersion from
Dispersion from TEM
Chemisorption
Fresh 5% Pt/C

0.45

0.34

Used 5% Pt/C

0.23

0.05

We tested the hypothesis that sulfur could be covering Pt aggregates on the support by
XAS experiments on three samples of Pt/C catalysts. Samples that were fresh (after
reduction at 400°C), used in LWGS, and used LWGS samples after chemisorption were
each scanned. Sulfur co-ordinated with Pt in catalysts would be evidenced by a large
peak at about 1.8 Å as detailed in Pazmiño et al.44

This evidence of Pt-S bonds was absent in all three samples. The XAS spectrum is shown
in Figure 2.5 for all three catalysts along with the interpretation.
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Figure 2.5 Fourier transform of the Pt LIII edge of 5% Pt/C reduced at 300°C

2.6

Conclusions

In this work, we have reported the TOF and full set of kinetics for the WGS reaction
under liquid-phase reforming conditions for Pt and Pt-Mo catalysts supported on noritcarbon and multi-walled carbon nanotubes. It has been observed that for LWGS
compared to gas-phase WGS, the apparent activation energy remains similar, the CO
order increases, and the H2 and CO2 orders remain similar. These results can be attributed
to the competitive adsorption with water, the lower temperature of operation, as well as
the partial pressure range of each gas over which reaction orders were measured. The
primary message from this comparison was that the kinetics significantly change due to
presence of liquid water and this should be carefully accounted for when extrapolating
WGS reaction rates from gas-phase to liquid-phase reforming conditions.
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Additionally, the effect of the addition of Mo as a secondary metal to Pt catalysts was
studied on both liquid-phase and gas-phase WGS. The ratio of TOF for Pt-Mo/MWCNT
to Pt/MWCNT is similar for LWGS and gas-phase WGS. Also, the apparent activation
energy is lower in case of Pt-Mo/MWCNT compared to Pt/MWCNT for both LWGS and
gas-phase WGS. The reaction orders with respect to CO, H2 and CO2 for Pt/MWCNT and
Pt-Mo/MWCNT are similar. This indicates that Mo alters the kinetics of each set of
reaction conditions in a similar way.
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CHAPTER 3. FAST HYDROPYROLYSIS OF CELLULOSE IN A NOVEL
MILLISECOND RESIDENCE TIME CONTINUOU-FLOW REACTOR

3.1

Abstract

Design and operation of a lab-scale continuous-flow millisecond residence time
hydropyrolysis reactor capable of operation up to 4.1 MPa has been successfully
demonstrated. The entire process of fast hydropyrolysis including cooling the reaction
product stream to ambient temperature was completed under 70 milliseconds. There is no
consensus in the literature on the reaction pathway of cellulose pyrolysis. The goal in this
work was to perform experiments at a millisecond timescale in order to not only identify
but also quantify primary products of cellulose pyrolysis. The reactor design was based
on a gaseous hydrogen-oxygen torch igniter that ensured extremely low residence time as
well as dilute stream in excess of hydrogen which was envisioned to minimize secondary
reactions. Liquid chromatography-mass spectrometry was used for identification and
quantification of products accounting for >80% carbon in the bio-oil. The major
compounds from cellulose hydropyrolysis at 535°C, 3.6 MPa hydrogen pressure and 70
milliseconds residence time, were levoglucosan and its isomers, cellobiosan,
glycolaldehyde and glucopyranosyl-β-glycolaldehyde. As the temperature was increased
up to 700°C, the yield to levoglucosan and cellobiosan decreased and was compensated
by an increase in yield of C2-C5 light oxygenates, notably glycolaldehyde and formic acid.
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3.2

Introduction

Transportation energy sector utilize petroleum based feedstocks due to the ease of use
especially the very high energy density (34 MJ/L).7 Hydrogen as well as electric powered
batteries are plagued by relatively lower volumetric energy density which implies that
new infrastructure would be required for their widespread use.53 Fast pyrolysis of
lignocellulosic biomass has been touted as one of the potential routes to produce liquid
transportation fuel from a renewable source.54 In this process, biomass is typically heated
to moderate temperatures (~500°C) and quenched to collect a liquid product in about 210 s. The collected liquid, called bio-oil usually retains most of the oxygen from the
parent biomass and is prone to degradation reactions unless upgraded.55,56

There is a debate in the literature on the primary products of pyrolysis of biomass. It has
been reported in the literature that secondary reactions are responsible for the formation
of light oxygenates.11,30,57 Most papers in the area of biomass pyrolysis use reactor
systems with residence time in the order of seconds which can lead to secondary and
even tertiary degradation reactions.55,58 Previously, Venkatakrishnan et al.59 have shown
that high-pressure hydrogen has little or no effect on cellulose pyrolysis. Our objective in
this work was to minimize these secondary and tertiary reactions and collect the primary
products of hydropyrolysis on a continuous-feed lab scale reactor while still providing
valuable quantitative information. Our aim was to minimize secondary reaction both
lowering the residence time and reducing the molecule-molecule collisions between the
primary products of pyrolysis. This was achieved by diluting the stream in excess
hydrogen. Additionally, Furfari and Cypres60 have shown that for coal hydropyrolysis
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increasing temperature of pyrolysis resulted in lower yield of desired products due to
secondary reactions. We have also investigated the effect of temperature on biomass
hydropyrolysis in the range of 500-700°C in terms of the product distribution and
production of light oxygenates.

To accomplish these experimental goals, a modified version of a torch igniter operated in
a sub-stoichiometric oxygen regime was used to generate hydrogen flow at temperatures
of 500-700°C. This flow was used to heat the cellulose in a 10 ms residence time in the
reactor section with a static mixer. Water cooled heat exchangers cooled down the reactor
exit stream to ambient temperature within a total of 70 ms. This allowed us to complete
the entire pyrolysis process in < 70 ms in a very dilute stream and thus minimize
secondary reactions.

3.3

Experimental methods

3.3.1

Reactor design

The reactor design was based on a gaseous hydrogen-oxygen torch igniter developed to
ignite various rocket combustors tested at Purdue University’s High Pressure Laboratory
in the Maurice J. Zucrow laboratories complex. The torch utilized additional hydrogen
downstream to control the temperature of the combustion products as well as to cool
internal components. All the experiments were conducted in hydrogen to oxygen molar
ratio of 16 to 20 (indicating the extent of excess hydrogen flow) resulting in output
temperatures of 750°C to 920°C. Cellulose entrained in hydrogen flow entered the reactor
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in the axial direction which also caused a reduction of reactor temperature to the range of
520°C to 775°C.

The reactor system comprised of three sections: a) head-end, where the initial mixing of
cellulose and hydrogen occurred along with rapid heat addition, b) main chamber which
was fitted with a six element static mixer and c) sonic nozzle, which was used to step
down pressure and split the flow evenly. Each of these reactor components were
fabricated from SS 304, except for the torch igniter where Ni 200 was used to account for
higher temperature. Figure 3.1 shows the schematic of the entire reactor, and Figure 3.2
depicts the internals and major components of the reactor with a labeled cross section
view.

The hydrogen-oxygen torch flow enters the upper manifold via a SS 316 tube (igniter
tube). Here the radial momentum of the flow is removed and the flow then travels axially
to the lower manifold through eight rectangular passages. From the lower manifold, the
flow enters the reactor radially through four injector orifices, 90° apart, one chamber
diameter (2.54 cm) downstream from the cellulose-hydrogen injector as shown in Figure
3.2.

In order to ensure uniform heat and mass distribution the momentum of all the four
injector orifices was matched to that of cellulose stream. Due to this requirement, the
cellulose-hydrogen injector is removable and can be changed to allow running at different
conditions. At the intersection of the four flows, the momentum of the resultant flow is
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almost cancelled and the residence time is maximized to ensure uniform temperature. As
the flow travels downstream, it enters a turbulence ring to increase velocity and
turbulence. Upon exiting the turbulence ring and entering the chamber, the flow is
subjected to a rearward facing step, where the sudden change in area results in the
generation of vortices. All of these design features promote mixing and create uniformity
in the resultant flow. The different head-end views shown in Figure 3.2 (a,b,c), illustrate
these flow paths.

Figure 3.1 Schematic of the hydropyrolysis reactor to accomplish the process in a
millisecond timescale

Initially two runs were conducted without the static mixer which resulted in >40% of feed
cellulose remaining unpyrolyzed and stuck in the reactor section. Therefore, in next
experiments a six element static mixture was installed to enhance mixing and reduce the
portion of unpyrolyzed cellulose. Two identical sonic nozzles were placed downstream to
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split the flow in to half. The total flow rate in the reactor was ~7000 slpm and to keep the
heat exchanger size within the available space, half of the total flow was vented directly.

Figure 3.2 (a) Cross section view taken at the reactor injector depicting the hydrogen-rich
torch igniter flow path (b) Cross section view of reactor injector, at a different radial
location, showing injection orifices and head-end mixing region with flow path
represented by arrows and (c) Cross section view taken at injector orifices and looking
from the top down through the reactor

Quenching and cooling the reactor exhaust quickly is critical and is accomplished by
using water-cooled, concentric tube, stainless-steel heat exchangers in series. The exhaust
travels through one of the tubes and water, at a controlled mass flow rate, flows through
the concentric annulus. The water flow rate can be varied to adapt the temperature of the
exhaust exiting each exchanger if desired.

The exhaust travels through the first heat exchanger and any liquids coalesce in a
polytetrafluoroethylene coalescing filter just downstream. The filter housing was
modified so additional capture volume could be connected allowing more liquid to be
collected. After the flow exits the first filter it passes through the second heat exchanger
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and the remaining liquid is collected in another modified coalescing filter. At the exit of
the second filter the flow is at room temperature and is vented to an exhaust stack.
Backpressure is controlled with a sharp edge orifice downstream of the second filter.
Initially, it was hypothesized that the exhaust should be cooled to an intermediate level so
the bio-oil would be liquid and the large amount of water produced in the hydrogenoxygen reaction would be mostly steam. Consequently, bio-oil would have been the
principal fraction collected in the first filter and would thus be easier to analyze due to the
high concentration. The second filter collection vessel would contain mostly water and
would be collected for use in the mass balance. This necessitated the use of two heat
exchangers and two coalescing filters. In the end, it was found the analysis technique had
no problem in analyzing the small concentrations of bio-oil in the large quantity of water,
which allowed using the first heat exchanger to cool the exhaust to room temperature
further reducing the quenching time.

3.3.2

Experimental procedure

Experiments were run for 3 minutes with the first 1.5 minutes allotted for pre-heating of
the reactor only. As an example, the temperature profile in the reactor for run ID RR09 is
shown in Figure 1. At 0s, flow of cellulose was initiated. After the run, a nitrogen purge
was placed in the unit to clear out any hydrogen and to transfer any residual liquids from
the heat exchangers to the collection filters. The reported temperature is equal to the
average of the head-end and aft-end temperatures during the last 1.5 minutes of the
experiment, i.e. the time of cellulose flow. Permanent gas production was quantified by
an online FTIR (MKS 2030 Gas Analyzer). The cellulose feedstock used in all
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experiments was 20 μm microcrystalline cellulose from Sigma Aldrich (St. Louis, MO).
Ultra high purity (99.999%) grade hydrogen, high purity (99.99%) grade nitrogen were
used for the experiments.

Figure 3.3 Temperature profile of the hydropyrolysis section plotted at both the head-end
and aft-end during cellulose pyrolysis, for RR09.

3.3.3

Design of experiments

In previous studies, there is lack of understanding of the hydropyrolysis temperature
range on the product distribution as well as the reaction pathway partly due to equipment
constraints. Accurate control over hydropyrolysis temperature was obtained by tuning the
molar hydrogen to oxygen ratio in the torch igniter. In this work, hydropyrolysis was
performed over a range of 500-700°C and its effect is demonstrated over liquid product
distribution.
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Table 3.1 Hydropyrolysis temperature as a function of hydrogen to oxygen molar feed
ratio in the torch igniter
Average hydropyrolysis
Run ID
H2/O2 molar ratio
temperature/ °C
RR02

16.2

700

RR03

16.8

630

RR06

17.4

600

RR07

19.8

553

RR08

19.7

535

RR09

20.3

523

3.3.4

Bio-oil analysis

Bio-oil was analyzed by multiple techniques to get the overall carbon content, product
quantification and molecular structure identification.

3.3.4.1 Total organic carbon (TOC)
Neat liquid products were analyzed for total carbon by the Total Organic Carbon (TOC)
analysis (EPA 415.1) carried out by Galbraith Labs (Knoxville, TN). TOC was chosen,
since the bio-oil collected consisted mostly of water formed by hydrogen combustion
prior to the reactor and the organic carbon concentration was of the order of 5000-10000
ppm.
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3.3.4.2 Liquid chromatography – mass spectrometry (LC-MS)
LC-MS setup and methodology used in this work is described in detail in a previous
paper.59 Briefly, an Agilent 1200 LC equipped with Rezex ROA column supplied by
Phenomenex (Torrance, CA) and Refractive index detector (RID) was used for product
quantification. Additionally, chromatographic separation was followed by Agilent single
quadrupole MS G6130A with an atmospheric pressure chemical ionization source. This
MS technique has been shown to be optimized to detect sugar molecules without
fragmentation.61,62 The mobile phase used was 0.1% formic acid in water at a total flow
rate of 0.5 ml min-1 and the column temperature was held constant at 80°C. With this LCMS technique we are able to identify and quantify the top 10 most abundant compounds
present in the bio-oils produced from this reactor system accounting for 80-90% of
carbon in liquid.

Both retention time, based on pure compound injections, and their mass spectra were
used for identification. For quantification of most of these compounds, the RID was
calibrated in the observed range using commercially purchased pure chemicals. All liquid
samples were prepared were first diluted in mobile phase in a 1:1 gravimetric ratio and 10
µl of the resulting sample was injected using an autosampler. Each of the bio-oil samples
was analyzed with repeats to give us an error in measurement of the analytical technique.
Below is a representative RID spectrum from RR09 and RR06 that has been presented
with the labeled peaks.
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Figure 3.4 RID spectrum of a bio-oil sample from cellulose hydropyrolysis carried out at
(a) RR09, 553°C and (b) RR06, 600°C

3.3.4.3 Linear quadrupole ion trap mass spectrometry (LQIT-MS)
Vinueza et al.,61 have reported the utility of using chlorine ion attachment in atmospheric
pressure chemical ionization for molecular weight determination and structure
interpretation for a variety of sugars. This method has been shown to identify xylose,
levoglucosan, glucose, cellobiose and other higher mass sugars with almost equal
ionization efficiency. Recently, similar methodology was applied to ionize cellobiosan
using chloride attachment by Hurt et al.62 This method has also been successfully
integrated with a commercially available pyrolysis reactor to identify primary pyrolysis
products of cellulose and other anhydro-sugars.

47
3.4
3.4.1

Results

Overall and carbon mass balance

Here, we report the overall and carbon mass balance of three hydropyrolysis experiments.
The amount of cellulose fed was calculated by weighing the feed hopper before and after
the experiment. After the experiment, wet filter elements were dried in air at room
temperature for 24 h and weighed to determine the amount of unconverted cellulose
embedded in the filters. With this procedure, the unreacted solids fraction is over
estimated because much of the organic product dissolved in the bio-oil is composed of
non-volatile carbohydrate derivatives which will remain in the filter upon drying.

Bio-oil collected in the trap was sent to Galbraith Labs for TOC analysis for estimating
the amount of carbon present. The extent of carbon present in permanent gas is measured
using a FTIR (MKS 2030) analyzer downstream of coalescing filter. We were only able
to detect CO, CO2.

48

Experiment ID

Table 3.2 Overall and Carbon mass balance
RR07
RR08
RR09

Average

Average Reactor Temperature / °C

523

535

553

537 ± 15

Overall mass balance / %

71

80

67

72.7 ± 7

Feed / g

9.1

9.1

9.9

C as solids / g

0.9

0.9

1.4

C as liquids / g

4.7

5.3

5

C as gases / g

0.2

0.6

0.7

Total C accounted for / g

5.8

6.8

7.1

Carbon balance / %

63.7

74.7

71.7

70.1 ± 6

Carbon / overall balance / %

89.8

93.4

107

96.7 ± 9

Solids / %

15.5

13.2

19.7

16.2 ± 3

Liquids / %

81

77.9

70.4

76.5 ± 5

Gases / %

3.4

8.8

9.9

7.4 ± 3

Carbon Mass Balance (50% of total flow)

Distribution of Carbon in Products

Carbon balance for all the three runs was relatively low at about 70%. This could be
attributed to two factors. As discussed previously, the reactor effluent was split in two
streams, one of which was vented, and the other goes through heat exchangers and
coalescing filters. This was accomplished by means of two identical orifices, which were
designed to provide a 50/50 split; however, since the split was dependent on the pressure
drop in the downstream sections, the split deviates slightly from 50/50. We can take the
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overall mass balance as a measure of how imperfect the split was; hence dividing the
carbon balance by the overall mass balance gives an accurate measure of how much
carbon we can account for. This number was comparatively higher at close to 96%.
Another reason could be the underestimation of carbon in solids. We assumed that
collected solid was unreacted cellulose thus contains only ~50% carbon, however, it was
light brown in color indicating it was partially pyrolyzed and potentially could have a
higher contribution of carbon.

3.4.2

Product distribution from LC-MS

As reported in Table 1, liquids account for 76% of carbon in the product comparable with
other published reports.55,57,59 Naturally, it would be interesting to identify the major
products in liquid to interpret the effect of pyrolysis parameters. Traditionally, gas
chromatograph coupled with mass spectrometer (GC-MS) has been used to identify
compounds present in bio-oil. However, GC-MS is unable to account for cellobiosan or
higher molecular weight saccharides and is susceptible to degradation reactions of
heavier sugar molecules. Therefore, LC-MS was chosen as a preferred analysis technique
to both identify and quantify compounds present in the bio-oil. A compiled list of top 10
most abundant compounds present in each bio-oil is presented in Table 2 accounting for
> 80% carbon present in the bio-oil.
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Table 3.3 % Carbon distribution for bio-oils estimated by LC-MS (normalized by TOC
analysis)
Run ID
RR07
RR08
RR09
RR06
RR03
RR02
Temperature/ °C

523

535

553

600

630

700

Cellobiosan/ % Carbon

9.9

10.9

10.6

6.2

7.0

5.2

6.9

5.3

5.7

11.9

13.4

7.9

42.5

48.2

40.4

43.8

34.4

29.6

Glycolaldehyde/ % Carbon

11.8

12.4

13.4

19.5

21.5

23.7

Formic Acid/ % Carbon

2.7

3.4

3.5

5.3

7.2

9.5

Acetic Acid/ % Carbon

4.0

4.5

0.0

0.0

0.0

2.0

1.7

2.1

2.7

4.0

4.1

4.2

Hydroxyacetone/ % Carbon

2.5

2.7

2.8

3.4

3.4

3.8

Ethanol/ % Carbon

0.0

0.0

0.0

0.3

0.6

0.9

0.9

0.8

0.7

0.9

0.4

0.4

Furfural/ % Carbon

0.0

0.1

0.1

0.0

0.2

0.3

Total % Carbon accounted

82.8

90.4

79.9

95.2

92.3

87.5

Glucopyranosyl-βglycolaldehyde/ % Carbon
Levoglucosan and
isomers/ % Carbon

1,6,2,3
dianhydromannopyranose/
% Carbon

5-hydroxymethyl
furfural/ % Carbon
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For every test temperature in the range of 523-700°C, levoglucosan was the major
product. Glycolaldehyde and cellobiosan were the next most abundant products in the
bio-oil. Although, the identities of the top 4 or 5 compounds in all the bio-oil samples
remain the same, their relative amounts change significantly depending on the
temperature.

3.4.3

Comparison with literature reports

Below given is the comparison of product distribution from pyrolysis of cellulose at
~500°C at significantly different residence times. Although hydrogen pressure of
operation is also different across the comparison, Venkatakrishnan et al. have reported
that hydrogen pressure up to 2.5 MPa does not alter product distribution from cellulose
pyrolysis.59 The major dissimilarity is in the yield of heavier molecules, namely
cellobiosan and glucopyranosyl-β-glycolaldehyde. The analytical technique used for both
continuous feed systems: millisecond timescale reactor and cyclone reactor was LC-MS
whereas micropyrolyzer used direct injection into GC-MS. However, cellobiosan has
been shown before to undergo degradation reactions to levoglucosan or condense in the
capillary column of the GC.63–65
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Table 3.4: % Carbon distribution in top five compounds from cellulose pyrolysis at
~500°C across reactor configurations with 70-2000 ms residence time
Micropyrolyzer
Millisecond
Cyclone reactor
(followed by
timescale reactor
GC/MS)
15-20 (excluding
Residence time/ ms

70

2000
time in GC/MS)

Temperature/ °C

523

520

500

9.9

1.5

-

6.9

-

-

42.5

52

62.8

11.8

7.5

6.7

2.7

10

6.6

Cellobiosan/ %
carbon
Glucopyranosyl-βglycolaldehyde/ %
carbon
Levoglucosan/ %
carbon
Glycolaldehyde/ %
carbon
Formic acid/%
carbon
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3.4.4

Product distribution from LQIT-MS

Figure 3.5 LQIT-MS spectra for RR09

In the spectra only three major peaks are observed, corresponding to m/z of 197, 257 and
359 (Figure 3.5). Since, these ions are chloride attached, the molecular weight of these
compounds are 162, 222 and 324 whose molecular identities are discussed below. As
already discussed before, this method has been optimized for identifying sugar derived
molecules. An interesting feature of this setup is the capability to perform tandem mass
spectrometry experiments where a single ion can be isolated and bombarded with He.
The resulting fragments carry information regarding the molecular structure of the parent
molecule and is a useful technique to elucidate the molecular structure of some of the
compounds.
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3.5
3.5.1

Discussion

Product distribution at hydropyrolysis temperature of 535°C

In the bar graph shown below, the relative proportion of the top four compounds present
in bio-oil are presented (Figure 3.6). Nearly, 90% of carbon estimated from the total
organic carbon (TOC) analysis was accounted for all the identified compounds using the
LC-MS. Thus, LC-MS is able to give us an accurate representation of the product
distribution in the bio-oil. It is important to note that nearly 70% of carbon in bio-oil was
accounted for by only three compounds – levoglucosan, cellobiosan and glycolaldehyde.
This suggests a relatively simple product distribution. Another interesting result is a
significantly higher abundance of cellobiosan compared to previous reports from labscale pyrolysis and hydropyrolysis reactors.59 In literature, anhydro-oligosaccharides
(such as cellobiosan) are reported to be either primary products of pyrolysis66–68 or are
claimed to be present as a result of polymerization of anhydrosugars.11,57 Degenstein et
al., report the possibility of small anhydrooligosaccharides (such as cellobiosan) being
the primary product of cellulose pyrolysis which can subsequently react to form
levoglucosan and other light oxygenates. Given that the product stream was relatively
dilute and the overall residence time in the reactor was on the order of milliseconds, the
extent of secondary reactions are greatly minimized. For that reason, we assigned
cellobiosan and other oligomeric sugars such as cellotriosan present in bio-oil as primary
pyrolysis products.
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Figure 3.6 Product distribution for hydropyrolysis temperature 535°C

However, each of these top three compounds retain nearly the same oxygen content as
the parent cellulose. Consequently, it can be established that hydropyrolysis as a
standalone process breaks down the polymer structure of cellulose into smaller units, but
there is no deoxygenation without a catalyst. This result is comparable to that reported in
literature for cellulose pyrolysis in a variety of reactors.57,59

3.5.2

Trends with temperature

3.5.2.1 Levoglucosan and cellobiosan
One of the parameters that was tunable in our reactor setup was the oxygen to hydrogen
ratio in the igniter allowing us to accurately control pyrolysis temperature. Some studies
have previously reported the effect of temperature on coal hydropyrolysis as well as
biomass pyrolysis; however, most focus only on the overall liquid and gas yields. It
would be interesting to study how product composition is affected in the bio-oil as a
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consequence of temperature variation over a reasonably significant change. As we
increase the pyrolysis temperature from 535 to 700°C, we observe that there is a decrease
in yield of levoglucosan from nearly 50% to 30% (Figure 3.7). A similar decrease was
also observed in the yield of cellobiosan. At the higher temperatures, it is possible that
enough thermal energy is provided to promote secondary reactions which lead to
production of light oxygenates via either anhydrosugar degradation or new pathways for
cellulose chain scission.

% carbon in bio‐oil

60

Cellobiosan

50

Monomer

40
30
20
10
0
535

600
630
Temperature/ °C

700

Figure 3.7 Dependence of levoglucosan and cellobiosan production on temperature

3.5.2.2 C2-C5 oxygenates
When we followed the yields of light oxygenate hydrocarbons (C2-C5), we observe that
unlike levoglucosan their yields increased with increasing temperature (Figure 3.8) in
agreement with other reported results.59,69 Glycolaldehyde was the most abundant light
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oxygenate accounting for as high as 25% of carbon in the bio-oil at 700°C. Notable
increases were also observed in the yield of formic acid as the hydropyrolysis
temperature was increased. At high temperatures, cellulose may undergo in-situ
production of reducing end functionality which can then fragment to light oxygenates
after ring opening. It can also be argued that primary products from cellulose are still
anhydrosugars which may then undergo further ring opening reactions either from the
terminal anhydro unit or other glucopyranosyl units to give glycolaldehyde and formic
acid.

25
Glycolaldehyde

% carbon in bio‐oil

20

Formic Acid
DAMp

15

Hydroxyacetone

10
5
0
535

600
630
Temperature/ °C

700

Figure 3.8 Dependence of C2-C5 oxygenate production on temperature
DAMP: 1,6,2,3 dianhydromannopyranose
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3.5.3

Comparison of analytical techniques (LC-MS vs. LQIT-MS)

One of the advantages of using LC-MS is that it is quantitative, and can be used to
estimate relative amounts of various products present in the bio-oil. Unlike LC-MS,
LQIT-MS does not provide absolute quantitation, but it is a useful tool to identify
molecular structure of ionizable molecules. Even with a relatively simple structure that of
cellulose, the product distribution can be quite complex, in such a scenario MSn
experiments on LQIT-MS can help elucidate the structure. In the case of bio-oil from
Run ID RR09, we find that LQIT-MS shows three significant peaks at molecular weights
197, 257, 359 which are all chloride adducts (Figure 3.5). The products with molecular
weight 162 and 324 can be assigned to levoglucosan and cellobiosan respectively. The
compound corresponding to molecular weight 222 was identified as glucosylpyrano-βglycolaldehyde from the LQIT-MS setup in absence of commercially available pure
compound.62 Comparing this result with LC-MS we find that, these three are among the
top 4 compounds present in the bio-oil on the basis of % carbon. One of the compounds
that is present in significant amounts and does not ionize appreciably using the current
LQIT-MS method is glycolaldehyde.

3.6

Conclusions

In this study a novel millisecond residence time high-pressure continuous-flow fasthydropyrolysis reactor was designed and tested. Cellulose was used as a model feedstock
to identify and quantify primary products of hydropyrolysis and their sensitivity to the
hydropyrolysis temperature. The product distribution at 535°C revealed that 70% of
carbon was accounted for by glycolaldehyde, cellobiosan, levoglucosan and its isomers.
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This product distribution can be controlled by tuning the hydropyrolysis temperature. As
the temperature of hydropyrolysis was increased the yield of anhydrosugars decreased
and it was compensated by increase in the yield of light oxygenates notably,
glycolaldehyde. Furthermore, reactor residence time has been shown to have a significant
influence on the product distribution from cellulose hydropyrolysis, especially in the
production of cellobiosan. However, these compounds still retain the same oxygen
content as cellulose and the challenge going forward would be to find a suitable catalyst
that would be able to deoxygenate selectively without cleaving the C-C bonds.
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CHAPTER 4. HYDRODEOXYGENATION KINETICS OF FURFURAL OVER
PLATINUM-BASED CATALYSTS

4.1

Abstract

Previously, hydrogen pressure (up to 3.6 MPa) in standalone pyrolysis was shown to
have little or no effect on deoxygenation of cellulose. Catalytic hydrodeoxygenation
therefore holds the key to production of fungible hydrocarbon fuels from biomass.
Furfural was chosen as a model compound representing furan-ring based compounds
typically produced from cellulose and hemicellulose constituents of biomass. Under
the reaction conditions and over Pt-based catalysts, furfural underwent four major
primary transformations in presence of hydrogen: a) decarbonylation to furan, b)
reduction to furfuryl alcohol, c) furan ring-opening reaction and d) furan-ring
hydrogenation. In this work, kinetics of furfural hydrodeoxygenation including
apparent activation energy are presented over monometallic Pt catalysts. Furthermore,
influence of hydrogen pressure and oxophilic promoter (Mo) over the dominant
pathway, especially the selectivity of C-O bond scission is presented. In order to gain
an in-depth understanding of the role of Pt and Mo in the reaction network, a series of
catalysts with varying Pt to Mo (1 to 5) proportions were tested.
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4.2

Introduction

Cellulose and hemicellulose account for 60-70% by weight and up to 55% of carbon of
intact biomass.70 Furan-ring based compounds are one of the major classes of products
from cellulose and hemicellulose processing.71 Many methods have been proposed to
breakdown cellulose and hemicellulose to produce a variety of platform chemicals that
can be further utilized to supplant petroleum-based fuels and chemicals.10,72
Hydropyrolysis of cellulose and intact biomass results in a complex product distribution
of oxygenated derivatives.54,55 Typical oxygen functional groups include carboxylic acids,
aldehydes, alcohols, ethers et cetera.20,73 Thus, understanding the kinetics of
hydrodeoxygenation reactions using representative model compounds is essential.74
Furfural was chosen as a model compound of choice, since it included two distinct
oxygen functional groups (aldehyde and ether), and an aromatic ring that can be used to
compare hydrodeoxygenation kinetics. In literature, hydrodeoxygenation of biomass
model compounds have been covered in detail in reviews by Furimsky, Elliot,
Resasco.20,75,76

Resasco and co-workers have reported Pd, Cu, Ni based catalysts for furfural
hydrodeoxygenation.77–79 Cu-based catalyst have a lower overall rate of reaction but
selectively reduce the aldehyde to furfuryl alcohol compared to Pd or Ni catalyst. Xiong
et al. and Lee et al. have reported molybdenum carbide catalytic system to exhibit
selective deoxygenation to produce 2-methylfuran.80–82 However, molybdenum carbide
catalysts are prone to continuous deactivation possibly due to buildup of oxygen species.
Pushkarev et al. have shown that the Pt nanoparticle size affects the selectivity of vapor-
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phase furfural hydrodeoxygenation pathway.83 Furfural has also been shown to undergo
esterification with acetic acid over Pd catalysts to increase the carbon number of the
liquid product which opens up a possibility of using lighter C2 by-products that are
obtained through various thermochemical methods.84 Furthermore, Prasomri et al. report
Mo-oxide based catalyst to have selective deoxygenation toward many bio-derived
oxygenates.85,86 Most of these studies were carried out at ambient pressure of hydrogen
and there is a need to explore the effect of hydrogen pressure on pathway selectivity. Mo
has also been reported previously for enhancing C-O bond scission.87 A bimetallic Pt-Mo
catalyst system has been tested in this work, with Pt providing the hydrogenation function
and Mo is responsible for selective C-O bond scission.

4.3

Experimental methods

4.3.1

Catalyst synthesis

The catalysts used in this study were monometallic platinum and a series of bimetallic
platinum-molybdenum supported on multi-walled carbon nanotubes (MWCNT, sourced
from Cheaptubes Inc.). The Pt-Mo bimetallic catalysts were prepared by sequential
incipient wetness impregnation (IWI) of aqueous solution of tetraammineplatinum (II)
nitrate (Pt(NH3)4(NO3)2, Sigma Aldrich) to obtain required wt. loading of Pt followed by
aqueous solution of ammonium heptamolybdate ((NH4)6Mo7O24.4H2O), Sigma Aldrich)
to obtain a desired loading of Mo. The catalyst was dried in air for 12 hours at 60°C after
the Pt loading and then at 150°C for 12 hours in air after the Mo loading. Bimetallic
catalysts were prepared with Pt-Mo weight loadings of 5%-1.25%, 5%-2.5%, 2.5%-2.5%
and 2%-4.9% corresponding to atom ratios of 1:0.5, 1:1, 1:2 and 1:5. The monometallic
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Pt catalyst was prepared by IWI of aqueous solution of tetraammineplatinum (II) nitrate
(Pt(NH3)4(NO3)2, Sigma Aldrich) to achieve 5 wt% loading followed by drying in air at
150°C for 12 hours.

4.3.2

Catalyst characterization

4.3.2.1 Oxygen and carbon monoxide chemisorption
Oxygen and carbon monoxide uptake was measured for each of the catalysts in a
Micromeritics ASAP 2020 instrument. About 120 mg of as-prepared catalyst was loaded
in between two plugs of quartz wool in a flow-through tube. The catalyst was then
degassed at a temperature of 250°C until the increase in pressure rate was <10 μmHg/min.
The next step was in-situ catalyst reduction under hydrogen flow through a 2 hour ramp
to 450°C and a subsequent hold for another 2 hours. This procedure was identical to the
one used in reactor for kinetic measurement. Following reduction, catalyst was evacuated
at 450°C for 2 hours and subjected to a leak test at 35°C to check for the outgas rate. The
analysis was carried out with oxygen in a pressure range of 100-400 mmHg at 35°C.
Following oxygen chemisorption, the sample was reduced and evacuated at 250°C for 2
hours followed by analysis with CO in a pressure range of 200-400 mmHg at 35°C.

4.3.2.2 Transmission electron microscopy (TEM)/ Scanning transmission electron
microscopy (STEM)
High resolution transmission electron microscopy was used for particle size distribution
analysis for all catalysts tested in the study, described in detail elsewhere.42 Catalyst
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samples were dispersed in pure ethanol (1-2 mg of catalyst in 1-3 ml ethanol) and an
ultrasonic bath was used to stir the suspension for ~5 min. An FEI Titan 80-300 operating
at 300kV was used to collect the TEM images, and an aberration corrected Hitachi HD2700C microscope was used to conduct STEM and electron energy loss spectroscopic
analysis.88

4.3.2.3 X-ray absorption spectroscopy (XAS)
XAS experiments were conducted in transmission mode at the Sector 10 materials
research collaborative access team insertion device (10-ID) and bending magnet (10-BM)
beamlines at Advanced photon source, Argonne national laboratory. Ex-situ experiments
were conducted over catalysts reduced at 450°C for at least 30 min under a total flow rate
of 50 sccm (25% H2/ 75%He). The catalyst samples were then cooled down to room
temperature and then scanned in the He atmosphere. Experiments and data analysis was
carried out using the procedure described previously in Dietrich et al.87

4.3.2.4 X-ray photoelectron spectroscopy (XPS)
A Kratos Axis Ultra DLD with monochromatic Al K radiation (h = 1486.6 eV) was
used to perform X-ray photoelectron spectroscopy (XPS). As prepared catalysts were
loaded into a sample holder and were reduced under 35 sccm hydrogen and 50 sccm
argon at 450°C for 2 hours. These samples were transferred in to the XPS chamber via a
transfer arm without air exposure.
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4.3.2.5 Temperature programmed reduction
TPR experiments were performed in a Micromeritics Autochem II 2920 chemisorption
analyzer equipped with a thermal conductivity detector (TCD) and an Agilent 5975C
mass spectrometer.89 As prepared catalyst was loaded directly in a U-shaped quartz cell
between two plugs of quartz wool for TPR measurements in the Autochem II unit. The
sample was first treated with UHP helium at a flow rate of 50 sccm for 30 min at ambient
temperature. The temperature was ramped from 25 to 500°C with a rate of 10 °C/min in a
total flow rate of 100 sccm hydrogen flow.

4.3.3 Flow reactor to measure kinetics
Kinetic measurements were made in a vapor-phase fixed bed reactor capable of operation
of up to 3.4 MPa. Furfural (Sigma Aldrich, 99%) was fed as a liquid through an HPLC
(Lab Alliance Series III) pump capable of operation in the range of 0.05-5 ml/min.
Hydrogen (0-5 slpm, 99.995% Praxair) and nitrogen (0-500 sccm, 99.99% Indiana
Oxygen) were used as carrier gases. Furfural was vaporized at the top of reactor before
mixing with the carrier gas. The mixture then was passed over a fixed bed of catalyst
whose temperature was controlled by an applied test systems furnace. The post-reactor
lines were kept at 200°C via heating tape. The reaction mixture was then passed over an
ice-bath condenser fitted with a trap to collect the liquids. The permanent gas then was
scrubbed in a coalescing filter to remove any aerosols/ vapor. Back pressure regulator
(GO regulators) was used to control the pressure in the reactor system. Two condensers
were used in parallel to ensure continuous reactor operation while liquid samples were
collected every 2 hours (~20 ml).
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PI

Figure 4.1 Reactor schematic for vapor-phase hydrodeoxygenation of furfural capable of
operation up to 5 MPa with online analysis of permanent gas

The permanent gases were analyzed online in an Agilent 7890A gas chromatograph (GC)
fitted with a Carboxen 1000 column followed by thermal conductivity detector (TCD)
using helium as a carrier gas. The condensate liquid was analyzed off-line in an Agilent
7890A gas chromatograph equipped with a 5975C mass spectrometer and an
Autosampler 7693. A split/splitless injector was connected to a DB1701 capillary column
followed by a 3-way splitter to a flame ionization detector (FID) and mass spectrometer
(MS) for quantification and identification of compounds.
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∙ 100% and carbon

Furfural conversion was estimated by X
product selectivity was defined as S
estimated as STY

∙
∙

∙

, product STYs as STY

4.4
4.4.1

∙ 100%. Overall STYs were
∙

∙
∙

Results

Catalyst characterization

4.4.1.1 CO chemisorption
Carbon monoxide and oxygen uptake was measured on a series of as-prepared Pt-Mo
catalysts after in-situ reduction and degassing. Corresponding isotherms are presented in
the Appendix C. The CO uptake on the series of catalysts progressively decreased as
relative Mo loading increased, and an opposite trend was observed for the oxygen uptake.

.
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Table 4.1 CO and O2 uptake for the series of as prepared Pt-Mo bimetallic catalysts
Catalyst
CO uptake/ µmol g-1
O2 uptake/ µmol g-1
5%Pt

55

41

5%Pt-1.25%Mo

49

37

5%Pt-2.5%Mo

21

76

2.5%Pt-2.5%Mo

8

-

2%Pt-4.9%Mo

0

98

4.4.1.2 Transmission electron microscopy/ Scanning transmission electron microscopy
Particle size analysis performed on fresh 5%Pt and 5%Pt-2.5%Mo catalyst revealed the
average nanoparticle size to be 2.2 ± 0.7 nm and 2.4 ± 1.4 nm. STEM measurements
coupled with EELS were utilized to track the morphology and metal distribution of
nanoparticles. Typical STEM-EELS micrographs of 5%Pt-2.5%Mo representing Pt-only
particles, Pt-Mo coordinate particles and Pt-Mo alloy particles are presented below:
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Figure 4.2 HAADF STEM micrographs and STEM-EELS elemental line-scans showing
Pt (red) and Mo (blue) signals of representative particles on the 5%Pt-2.5%Mo/MWCNT
catalyst. A) Pt-Mo alloy (Left) and PtMo alloy particle at support edge showing Mo patch
underneath the PtMo alloy particle (Right), B) PtMo alloy particle (Left) and Mo patch
(Right), C) PtMo coordinated particles, and D) Pt only particle.31
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4.4.1.3 X-ray absorption spectroscopy
X-ray absorption near edge spectroscopy (XANES) at the Pt edge compared to a
5%Pt/MWCNT foil revealed a shift to a higher energy for 5%Pt-2.5%Mo/MWCNT
catalyst for a similar nanoparticle size. Moreover, there was also an increase in white line
intensity which indicated alloying between Pt and Mo. The Mo edge XANES pointed out
that 5%Pt-2.5%Mo/MWCNT catalyst had an intermediate degree of reduction after
undergoing reduction at 450°C in hydrogen.

Figure 4.3 XANES spectra for fresh catalysts reduced at 450°C and scanned in He at RT:
A) Pt LIII edge (11.54 – 11.58 keV) for Pt foil (dashed/dotted black), 5%Pt/MWCNT
(dashed blue), and 5%Pt-2.5%Mo/MWCNT (solid red); B) Mo K edge (19.98 – 20.04
keV) for Mo foil (dashed/ dotted black), MoO2 (dotted black), MoO3 (dashed/dot/dot
black), 2.46%Mo/MWCNT (dashed green) and 5%Pt-2.5%Mo/MWCNT (solid red).31

Extended X-ray absorption fine structure (EXAFS) experiments were conducted at the Pt
LIII and Mo K edge. The 5%Pt-2.5%Mo catalyst had a Pt-Pt coordination number of 8.6
and a Pt-Mo coordination of 3.1. Over the Mo edge the fit parameters showed a Mo-Mo
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coordination of 1.1 and a Mo-Pt coordination of 1. These results are consistent with a Ptrich core and a Mo shell structure.

4.4.1.4 X-ray photoelectron spectroscopy
XPS measurements were carried out on as-prepared Pt-Mo catalysts reduced in-situ to
obtain overall quantification of Pt: Mo atomic ratio as well as attempt to deconvolute the
distribution of Mo oxidation states. From XAS and chemisorption analysis, it was evident
that Mo was present in multiple oxidation states; however they cannot quantify the
proportion of individual Mo oxidation states. Determination of corresponding species
with binding energies for Mo was based on reports in literature.90–92 The Mo3d envelopes
were fit with four species: Mo0 (B.E. ~228.2 eV), Mo carbide-like (B.E. ~228.9 eV) and
Mo4+ (B.E. ~230.5 eV) and Mo6+ (B.E. ~232.5 eV). On 5%Pt-2.5%Mo catalyst after
reduction at 450°C, Mo composition is estimated to be: Mo0 (26%), Mo carbide-like
(38%), Mo4+ (18%) and Mo6+ (18%).
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4.4.1.5 Temperature programmed reduction

Figure 4.4 Temperature programmed reduction profile of as prepared 5%Pt and 5%Pt2.5%Mo catalyst

Temperature programmed reduction was carried out over monometallic 5%Pt and 5%Pt2.5%Mo as synthesized catalyst samples to estimate the overall hydrogen consumption as
a function of temperature. Temperature of reduction also indicates the affinity of site and
may be used to differentiate Pt and Mo sites. As expected, surface Pt reduced in a single
peak at a temperature of ~200°C, compared to the bimetallic Pt-Mo which exhibited three
distinct peaks. However, the quantification of overall hydrogen consumption was not
useful as MWCNT support itself was found to adsorb hydrogen.

4.4.2

Reaction classes and products

Four classes of reaction were observed over Pt-based catalysts in a range of 0.1-1.9 MPa
hydrogen pressure and a temperature range of 260-290°C represented below:
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Decarbonylation

Reduction

Ring opening

+
Furfural

Furan

+

Hydrodeoxygenation

Furfuryl alcohol

2-methylfuran

Minor ring
hydrogenation
products
Tetrahydrofuran

Figure 4.5 Major products and reaction classes observed for furfural hydrodeoxygenation

Decarbonylation led to loss of carbon in gas-phase as carbon monoxide and hence was
undesirable. Ring opening and reduction reactions were desirable as they were a result of
selective C-O bond scission through hydrogen addition. Ring hydrogenation was a minor
pathway under the reaction conditions.

4.4.3

Kinetics over Pt/MWCNT

4.4.3.1 Catalyst stabilization
In literature, there are reports of catalyst deactivation attributed to particle sintering or
coke formation over Pt-based catalysts. Before recording the rate measurement, catalyst
was stabilized for 10-15 hours at standard conditions (furfural flow rate = 0.2 ml/min,
hydrogen partial pressure = 1.9 MPa, temperature = 284°C).
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Figure 4.6 Catalyst stabilization studies over the 5%Pt-2.5%Mo/MWCNT catalyst at 1.9
MPa hydrogen pressure and a temperature of 290°C

Deactivation behavior was first-order in nature with respect to time, but the cause for
deactivation could not be attributed to particle size as TEM analysis showed no
significant size increase. Coking could be one of the possible causes; however
quantification could not be carried out as the catalyst support itself was carbon based.

Table 4.2 Comparison of STYPt at 0.1 and 1.9 MPa hydrogen pressure for overall,
decarbonylation and reduction reaction
-2 -1
STYPt/ 10 s
PH2 = 0.1 MPa
PH2 = 1.9 MPa
Overall

5.6

28

Decarbonylation

4.2

9.5

Reduction

0.90

18
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Decarbonylation STYPt signifies the rate of product of furan, presumably resulting from
direct C-C bond scission to produce carbon monoxide as a by-product. Reduction STY
represents the rate of aldehyde reduction to produce furfuryl alcohol which may further
hydrodeoxygenate to 2-methylfuran.

The overall STYPt at 1.9 MPa hydrogen pressure was ~5 times higher than the STYPt at
0.1 MPa, indicating that hydrogen plays an important role in promoting the furfural
consumption rate. Hydrogen also plays an influencing role in the dominant pathway and
is shown to favor the desirable C-O bond scission for furfural hydrodeoxygenation. At
the higher hydrogen pressure the STYPt of aldehyde reduction increased nearly 20 times
compared to decarbonylation which is promoted only ~2 times.

4.4.3.2 Apparent activation energy
To elucidate the role of temperature in influencing the relative proportion of competitive
decarbonylation and aldehyde reduction pathway, experiments were conducted in a range
of 260-283°C. The data is presented in terms of an arrhenius plot, with apparent
activation energy estimated from the slope. Decarbonylation reaction to furan exhibited
an apparent activation energy of 68 kJ mol-1 compared to 63 kJ mol-1 reported in Sitthisa
et al. over a Pd/SiO2 catalyst.93 Furthermore, reduction reaction demonstrated apparent
activation energy of 83 kJ mol-1, which was a minor pathway at atmospheric hydrogen
pressure conditions reported in Sitthisa et al.93
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Figure 4.7 Arrhenius plot for 5%Pt/MWCNT catalyst for furfural decarbonylation and
reduction in a temperature range of 260-283°C at a hydrogen partial pressure of 1.9 MPa
to estimate the apparent activation energy

4.4.4

Mo promoter to Pt catalyst

Platinum even at 1.9 MPa hydrogen pressure, exhibited 20% selectivity toward
decarbonylation. Adding an oxophilic promoter such as Mo has been shown to have
increased C-O bond scission selectivity. Overall STYPt over 5%Pt-2.5%Mo (2.8·10-1 s-1)
catalyst was lower by ~4 times compared to 5%Pt catalyst (1.3 s-1), however the
selectivity of products was significantly different. Figure 4.7 shows the comparison
between 5%Pt-2.5%Mo and 5%Pt catalyst at a conversion of ~20%. The undesirable
decarbonylation pathway was a minor pathway over the bimetallic catalyst accounting
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only for 1.5% selectivity compared to ~20% over the monometallic Pt catalyst. This was
corresponded by an increase in selectivity of ring opening and reduction reactions both of
which were a result of C-O bond scission.

Selectivity/ %
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Figure 4.8 Comparison of selectivity of major reaction pathways between 5%Pt/MWCNT
and 5%Pt-2.5%Mo/MWCNT catalyst at a temperature of 283°C and a hydrogen pressure
of 1.9 MPa

4.4.5

Role of Pt and Mo

Since Mo significantly alters the pathway of furfural hydrodeoxygenation and also lowers
the overall rate of reaction, kinetic reactions were carried out over a series of Pt-Mo
catalysts. The objective of the study was to obtain a structure-activity relationship in
order to elucidate the role of Pt and Mo in the overall reaction pathway. In figure below,
STYPt of the aldehyde reduction is plotted against the Mo/Pt atomic ratio.

STY/ 10-2 mol of FOL mol of Pt-1 s-1
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Figure 4.9 Site-time yield of aldehyde reduction as a function of Mo to Pt atomic ratio at
a temperature of 280°C, hydrogen pressure of 1.9 MPa and a conversion of ~20%

There is a steady decrease in the STYPt of aldehyde reduction as Mo loading is increased
from left to right. This could be a result of lower surface Pt which may directly affect the
hydrogen coverage on the catalyst surface. The selectivity toward decarbonylation
decreases as Mo/Pt ratio is increased with undetectable quantities of furan, direct
decarbonylation product. The ring opening reaction was the dominant reaction over the
2%Pt-4.9%Mo (1:5) catalyst at 20% conversion.

4.5
4.5.1

Discussion

Catalyst characterization

The CO uptake on the series of catalysts progressively decreased as relative Mo loading
increased, and an opposite trend was observed for the oxygen uptake. This qualitatively

79
indicates that surface Pt is lower as relative proportion of Mo is increased which might be
responsible for lower CO uptake.

Combined analysis between XPS, XAS and STEM-EELS pointed out that there were
observable structural and phase changes on the Pt-Mo catalysts as the Mo loading was
varied.31 The proportion of monometallic Pt particles decreased as the relative Mo
loading was increased. However, the fraction of Mo in the Pt-Mo alloy particles did not
show a particular trend, but the Mo-oxide and Mo carbide-like phase showed a marked
increase as the Mo loading was increased. Over the 2%Pt-4.9%Mo catalyst, ~92% of
particles analyzed by STEM-EELS were bimetallic opposed to ~77% over the 5%Pt2.5%Mo catalyst. Furthermore, TPR confirmed presence of partially reduced Mo, as
three distinct reduction peaks were observed over the 5%Pt-2.5%Mo catalyst as
compared to a single peak over the monometallic 5%Pt catalyst.

4.5.2

Role of hydrogen

Hydrogen partial pressure has been reported to play a vital role in hydrotreating reactions
such as hydrodesulphurization. However, there is a lack of fundamental studies on
understanding the role of hydrogen pressure on hydrodeoxygenation of biomass model
compounds partly due to equipment constraints. On 5%Pt/MWCNT catalyst, experiments
were performed at 0.1 and 1.9 MPa pressure, to realize the effect on selectivity of C-C vs.
C-O bond scission. At 0.1 MPa hydrogen pressure, the dominant pathway from furfural
was decarbonylation to produce carbon monoxide accounting for 75% selectivity. This
pathway is undesirable, as it leads to loss of carbon to gas-phase. As hydrogen partial
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pressure is increased to 1.9 MPa, reduction of aldehyde to hydroxyl group becomes the
dominant reaction. Hence, hydrogen pressure was shown to have an enhancing influence
on keeping carbon in the liquid products. It is worth noting that decarbonylation does not
result in hydrogen consumption unlike both ring-opening and reduction reactions.
Furthermore, furan-ring hydrogenation was a minor pathway even at 1.9 MPa hydrogen
pressure accounting in <2% overall selectivity.

4.5.3

Role of Pt and Mo

STYPt/ mol of FOL mol of CO-1 s-1
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Figure 4.10 STYPt of aldehyde reduction normalized by CO chemisorption as a function
of Mo/Pt ratio

The STY of aldehyde reduction normalized by total Pt loading decreased by over two
orders magnitude as relative Mo loading was increased from 0 to 5 times the Pt loading
(Figure 4.9). When this STY was normalized by CO chemisorption, the difference
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between 5%Pt and 2.5%Pt-2.5%Mo was only ~2 times. This indicates a strong
correlation between surface Pt and the rate of reaction. It is hypothesized that hydrogen
activation by platinum may have a role in increased reaction rates.

As relative Mo loading is increased, the C-C bond scission pathway is shut-down
indicating that sites for decarbonylation reaction were monometallic Pt nanoparticles or
surface Pt atoms. The proportion of monometallic particles decreases from 50% for
5%Pt-1.2%Mo to 7.7% for the 2%Pt-4.9%Mo catalyst. The ring opening reaction was a
minor pathway over the 5%Pt catalyst, however over the Pt-Mo bimetallic catalyst
especially on 2.5%Pt-2.5%Mo catalyst ring opening reaction was the dominant pathway
accounting for 45% selectivity.
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Figure 4.11 Selectivity toward reduction, ring-opening and decarbonylation reactions
over the Mo/Pt atomic ratio from 0 to 5
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4.6

Conclusions

Furfural hydrodeoxygenation was carried out over the bimetallic Pt-Mo catalytic system
over a hydrogen pressure range of 0.1-1.9 MPa and a temperature range of 260-284°C. At
1.9 MPa hydrogen pressure over the 5%Pt/MWCNT catalyst at 284°C, the
decarbonylation selectivity was ~20% compared to ~75% at 0.1 MPa at a conversion of
~20%. Furthermore, Mo promoter is shown to diminish the decarbonylation selectivity to
1.5% at 1.9MPa hydrogen pressure indicating the role of Mo in favoring the C-O bond
scission. As Mo/Pt ratio was increased in the range of 0.05:1 to 5:1, the overall STYPt
decreased by over two orders of magnitude. As relative Mo loading is increased the ring
opening became the dominant reaction leading to aliphatic C4 and C5 alcohols and
hydrocarbons. This suggests a trade-off between lower rate of reaction and the higher
selectivity toward C-O bond scission as Pt: Mo ratio is decreased.
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CHAPTER 5. KINETICS OF DIHYDROEUGENOL HYDRODEOXYGENATION:
ROLE OF PLATINUM, MOLYBDENUM AND HYDROGEN

5.1

Abstract

Hydrogen plays an influencing role in the pathway to dihydroeugenol deoxygenation and
hence the determination of the final product. Furthermore, the platinum and molybdenum
catalytic functions are shown to both be necessary and have distinct roles in the
deoxygenation pathway. The bimetallic 5%Pt-2.5%Mo catalyst supported on multiwalled carbon nanotubes is able to achieve >96% yield to C9 hydrocarbons in the range
of 0.1-2.4 MPa hydrogen pressure. C-C bond scission is a minor pathway and >98% of
products have a propyl-substituted six-membered carbon ring. The methoxy group
undergoes reaction either through a direct cleavage to form methanol and 4-propylphenol
or through a demethylation to form 4-propyl-1,2-benzendiol. The phenolic hydroxyl
group undergoes a direct deoxygenation pathway at atmospheric pressure hydrogen
whereas at higher hydrogen pressures, aromatic ring hydrogenation takes precedence
followed by dehydration. From a comparison of pathways and site time yields, methoxy
group cleavage is proposed to occur over Pt, while for phenol deoxygenation the presence
of both the Pt and Mo functions is deemed critical.

84
5.2

Introduction

Lignocellulosic biomass is a promising renewable source to replace the petroleum-based
fossil fuels in order to meet the ever-growing energy demand.19,26 Cellulose (30-50%),
hemicellulose (15-30%) and lignin (10-30%) are the three major components of
lignocellulosic biomass.10 Out of these, lignin accounts for 25-40 % of the energy content
of intact biomass. Moreover, lignin is a heterogeneous polymer consisting of an aromatic
backbone which can be utilized to produce aromatic compounds currently produced
primarily from petroleum sources.94 Lignin can be depolymerized via several routes
including liquid-phase catalytic transformation,18 pyrolysis/ hydropyrolysis22,95 and
extraction processes using organic solvents96,97 which retain the oxygen content of
lignin.73,98,99 This work addresses the role of hydrogen in selective catalytic
hydrodeoxygenation (HDO) of these oxygen-containing aromatic depolymerization
products to hydrocarbons. Dihydroeugenol (2-methoxy-4-propylphenol) has been chosen
as a representative model compound, given that it consists of phenol, methoxy and alkyl
substitutions to benzene and thus contains the most important functional groups retained
after lignin transformations as described in Xu et al.97 Furthermore, a single step lignin
conversion process recently reported dihydroeugenol to be one of the two major ligninproducts.18

There is considerable interest in selective deoxygenation of phenol and methoxysubstituted aromatic compounds derived from lignin as reflected in reviews by Furimsky,
Hicks, Bu et al., Wang et al. and Saidi et al.75,100–103 The hydrodeoxygenation catalysts
can be classified in to one or more of sulfided hydrotreating, zeolite and noble-metal
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based catalyst categories. Lercher and co-workers have reported a combined Pd/C and
phosphoric acid or HZSM-5 catalytic system to produce cyclohexane from phenol in a
batch reactor system at 5 MPa of hydrogen.104,105 Zhu et al. have utilized a bifunctional
Pt/HBeta catalytic system for studying the transalkylation and hydrodeoxygenation
reactions on anisole where they demonstrate the synergy of Pt and HBeta functions for
deoxygenation efficacy as well as increasing carbon recovery in the liquid product.106 PtNi and Pt-Co catalysts supported on alumina have also been shown to enhance the overall
deoxygenation as well as aromatic ring hydrogenation activity compared to monometallic
Pt catalysts.107 Mo has been shown to have C-O bond scission activity in its oxide form85
or when alloyed with Pt.87,88

There is debate in the literature about the HDO reaction pathway to hydrocarbons,
especially the deoxygenation of phenol group and influence of hydrogen pressure on the
dominant pathway. Two major pathways are proposed in the literature, i) direct
deoxygenation (DDO)106,108,109 or ii)

aromatic ring hydrogenation followed by

deoxygenation (HYD).104,105,107,110 The main bone of contention between the two
pathways is if ring saturation is a necessity for hydroxyl removal. In the direct
deoxygenation pathway the argument is that phenolic hydroxyl group can undergo
deoxygenation either via Csp2-O hydrogenolysis or through a partial hydrogenation/ ketoenol tautomerism followed by dehydration to recover the aromatic hydrocarbon product.
Whereas in the HYD pathway it is postulated that the primary reaction is aromatic
hydrogenation followed by dehydration and then dehydrogenation to aromatic
hydrocarbon. Quite often these studies are carried out at disparate hydrogen pressures
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ranging from 0.05 up to 10 MPa. Saidi et al.103 in their recent review have expressed a
need for a detailed analysis on the effect of hydrogen pressure on hydrodeoxygenation
catalytic performance. The objective of this work was to quantify the influence of
hydrogen pressure on dominant pathway to hydrocarbon as well as elucidate the roles of
Pt and Mo in selective deoxygenation to produce hydrocarbons at yield approaching
100%.

5.3
5.3.1

Experimental methods
Catalyst preparation

Monometallic Pt and bimetallic Pt-Mo catalysts were prepared using the method
described in Chapter 4. The monometallic Mo catalyst was synthesized by IWI of
aqueous solution of ammonium heptamolybdate ((NH4)6Mo7O24.4H2O), Sigma Aldrich)
to obtain 20% wt. loading. Following this catalyst was dried in air at 150°C for 12 hours.

5.3.2

Catalyst characterization

CO uptake was measured for each of the catalysts in a Micromeritics ASAP 2020
instrument. About 120 mg of as-prepared catalyst was loaded in between two plugs of
quartz wool in a flow-through tube. The catalyst was then degassed at a temperature of
250°C for 8 hours. The next step was in-situ catalyst reduction under hydrogen flow
through a 2 hour ramp to 450°C and a subsequent hold for another 2 hours. This
procedure was identical to the one used in the reactor for measurement of kinetics.
Following reduction, the catalyst was evacuated at 450°C for 2 hours and subjected to a
leak test at 35°C to check if the increase in pressure rise due to outgassing was <10
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mHg/min. The analysis was carried out with CO in a pressure range of 200-400 mmHg
at 35°C.

5.3.3

Dihydroeugenol hydrodeoxygenation

Kinetic measurements were made in a vapor-phase fixed bed reactor capable of operating
at pressures up to 7 MPa (Figure 5.1). The liquid model compound dihydroeugenol
(>99%, SigmaAldrich) was fed to the top of the reactor, using an ISCO syringe pump in a
flow rate range of 0.009-0.113 ml/min. Hydrogen (99.999%, Praxair, 0-5 slpm), helium
(99.995%, Indiana Oxygen, 0-5 slpm), and argon (99.995%, Indiana Oxygen, 0-100 sccm)
were used as carrier gases. Dihydroeugenol was vaporized at a temperature of ~150°C
before mixing with the carrier gas at the top of reactor. A shielded K-type thermocouple
was inserted in the catalyst bed to measure the reaction temperature. The post-reactor
lines were heated to a temperature of 240°C via resistive heating to avoid product
condensation. A precision orifice (Micro-orifice, O’Keefe Controls Co.) was used to stepdown the pressure as well as take a slipstream (~10% of overall flow) to be sent to an
online Agilent 6890N gas-chromatograph equipped with a 5973N mass spectrometer
(GC-MS) through heated lines. The rest of the flow was passed through an ice-bath
cooled condenser and the non-condensable gases were then dried in a coalescing filter. A
back-pressure regulator was used to control the system pressure and the outlet of the
regulator was vented in to the top of the hood. All products were quantified online in a
previously described GC-MS system. Briefly, GC was equipped with a Supelco SPB-1
non-polar methylsilicone capillary column connected to a Flame Ionization detector and
the Mass Spectrometer through a 3-way splitter to identify and quantify reaction products.
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Permanent gases were quantified using a Supelco Carboxen 1000 packed column
connected to a Thermal Conductivity detector. A Supelco 12718-U pre-column was used
to scrub heavy reaction products before sending the permanent gases to the Carboxen
1000 packed column. The pre-column was back-flushed between every two consecutive
injections. Overall and carbon mass balance was closed to within 95±5% for each
experimental condition.

Figure 5.1 Experimental setup for DHE hydrodeoxygenation
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Typical catalyst loadings were in the range of 10-500 mg, diluted with quartz powder
(ground from chips sourced from Quartz Plus Inc.) to achieve enough bed height (3 times
reactor internal diameter) in order to avoid channeling. Both the catalyst and quartz
powder were individually sieved between 60 to 120 mesh (125-250 µm) before
physically mixing them. The mixture then was loaded in a SS reactor between two plugs
of quartz wool held in place by a wire mesh frit at the bottom. This catalyst was reduced
in-situ in a flow of 50% hydrogen (100 sccm) at a total pressure of ~1.4 MPa. The
temperature was linearly ramped from ambient to 450°C in 2 hours followed by a soak at
450°C for 2 hours. All kinetic measurements were conducted at 300°C with total pressure
maintained at 2.4 MPa. For each experiment, the catalyst was stabilized for at least 10
hours by flowing 0.06 ml/min of dihydroeugenol and 2700 sccm of carrier gas. The
carrier gas flow was comprised of 50 sccm of argon, 20-2650 sccm of hydrogen
depending on the desired hydrogen partial pressure and balance helium. The catalyst was
considered to be stabilized once the conversion and selectivity to major products did not
vary more than ±2% between consecutive GC injections. The definitions of weight
hourly space velocity (WHSV), conversion, ring product selectivity, carbon selectivity,
site time yield (STY) are presented below.

The weight hourly space velocity (WHSV

∙

) for 5%Pt-

2.5%Mo/MWCNT catalyst was varied in the range of 1.6-82 h-1 for 0.1 MPa hydrogen
pressure, 3-264 h-1 for 0.7 MPa hydrogen pressure and 5-661 h-1 for 2.4 MPa hydrogen
pressure to span the conversion range from 10-99.99%. Dihydroeugenol conversion was
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∙ 100% and ring-product selectivity was

estimated by X
defined as S

∙ 100%. Carbon selectivity estimated as

S

∙

∙ 100% and was used to compare light gas products

(methane, methanol, carbon monoxide and carbon dioxide). Overall STYs were estimated
∙

as STY

, product STYs as STY

∙

∙

∙
∙

. For

comparing rates between Pt, Mo and Pt-Mo catalysts the STYs were normalized by total
moles of metal instead of moles of Pt and were calculated as
STY

∙

∙
∙

.

5.4
5.4.1

Results

Catalyst characterization

CO chemisorption was performed to quantify CO uptake values for freshly reduced Pt,
Mo and 5%Pt-2.5%Mo catalysts reported in Table 5.1, corresponding isotherms can be
found in Appendix C. Metal dispersion was estimated by assuming a metal/CO
stoichiometry of 1:1. The monometallic 20%Mo catalyst used in this study showed a CO
uptake corresponding to a 9% metal dispersion. The dispersion value of Pt-Mo catalyst
was lower than monometallic Pt catalyst since Mo does not chemisorb CO with the same
stoichiometry as Pt.
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Table 5.1 CO uptake on as prepared Pt, Pt-Mo and Mo catalyst in a range of 200400mmHg pressure range
Molar ratio of CO to
-1
Catalyst
CO uptake/ µmol g
metal loading
5%Pt-2.5%Mo/MWCNT

50.2

0.1

5%Pt/MWCNT

39.8

0.16

20%Mo/MWCNT

185

0.09

Detailed characterization of the 5%Pt/MWCNT and 5%Pt-2.5%Mo/MWCNT catalyst
was described earlier. Briefly, transmission electron microscopy revealed that freshly
reduced 5%Pt-2.5%Mo/MWCNT catalyst had an average particle size of 2.4±0.2 nm.
Around 77% of nanoparticles were bimetallic Pt-Mo and the rest were monometallic Pt
as shown by scanning transmission electron microscopy combined with electron energy
loss spectroscopy. Moreover, X-ray absorption spectroscopy also confirmed the presence
of Pt-Mo alloy. X-ray photoelectron spectroscopy showed a distribution of Mo species
ranging from Mo0 (26%), Mo carbide-like (38%), Mo4+ (18%) and Mo6+, with an average
oxidation state of 1.77 on the freshly reduced Pt-Mo bimetallic catalyst.

5.4.2

Reaction classes and major products

Three major classes of reaction were observed under the experimental conditions
employed in this study viz. aromatic ring hydrogenation, methoxy transformation and
phenolic hydroxyl deoxygenation. In the figure below the products are categorized
according to the reaction class that they belong to:
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Figure 5.2 Major products and reaction classes observed for DHE hydrodeoxygenation

5.4.3

Effect of hydrogen pressure

5.4.3.1 Catalyst stabilization
The hydrodeoxygenation catalytic activity is dependent on presence of hydrogen.111
Previously, Gualda and Kasztelan112 have shown that decreased hydrogen partial pressure
leads to increased coking in hydrotreating processes which is responsible for catalyst
deactivation. Therefore, it was considered important to stabilize the catalyst at each
hydrogen partial pressure for at least 10 hours before recording the rate measurement. In
Figure 2 below, catalyst deactivation behavior for 0.1 MPa hydrogen partial pressure case
was demonstrated over a period of 30 hours. At the end of every day the DHE flow was
stopped after which the catalyst was left overnight at 300°C in a flow of 50 sccm of
hydrogen and a 10-20% regeneration of catalytic activity was observed. The stabilized
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conversion was achieved in a matter 2-4 hours after the start of DHE flow. The observed
deactivation could be due to coking, however it could not be quantified as the catalyst
support was also carbon-based.
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Figure 5.3 Time on stream studies for 5%Pt-2.5%Mo/ MWCNT catalyst at (a) 0.1 MPa
and (b) 0.7 MPa hydrogen partial pressure at a temperature of 300°C and a weight hourly
space velocity of 16 and 56 h-1 respectively
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In a typical catalyst loading, after an initial stabilization period of 10-15 hours, space
velocity studies were performed by adjusting the DHE and carrier gas flow rates given
the flow constraints. At each hydrogen partial pressure, to span the entire conversion
range from 10-99.99%, two to three loadings of catalyst were performed, each stabilized
before measuring the rate. Rate measurements were deemed to be free of mass-transfer
limitations by using the Weisz-Prater criterion,113,114 details presented below.

5.4.3.2 Proof of kinetic control
Weisz-Prater criterion was applied to ensure that the rate measurements were free of
mass transfer effects for the case of 5% Pt-Mo (1:1) catalyst, 0.1 MPa hydrogen pressure
at a temperature of 300°C. Following are the details:

Rate of reaction, r = 1.45·10-5 mol of DHE/s/g-cat
Bulk density of the catalyst = 0.27 g-cat/cm3
Volumetric rate of reaction, rv = 3.9·10-6 mol of DHE/s/cm3
Catalyst particle size, Rp = 125 µm
Partial pressure of reactant (DHE), P = 1.16 psi
Temperature of reaction, T = 573.15 K
Concentration of reactant at surface, Cs = concentration in the gas-phase =
P/RT = 1.7·10-6 mole/cm3
Effective diffusion coefficient, Deff = Knudsen diffusion coefficient = 1.8·10-2 cm2/s
Weisz-prater number, Nw-p = 0.02
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In the case of 5%Pt-Mo (1:1) catalyst at a pressure of 2.4 MPa hydrogen pressure at a
temperature of 300°C, Nw-p = 0.16
Since Nw-p value for both cases are <0.3, Weisz-Prater criterion states that the measured
rate values are free of mass transfer influences.114

5.4.3.3 Comparison with literature
Nimmanwudipong et al.115 have reported guaiacol hydrodeoxygenation kinetics on
1%Pt/Al2O3 at 300°C and 0.05 MPa hydrogen partial pressure. Their results have been
extrapolated to our conditions using an assumed guaiacol order of 1 and an estimated
hydrogen order of 0.7. The results indicate that the overall rate of reaction is within the
same order of magnitude and a higher selectivity to direct methoxy cleavage could be
attributed to acidic alumina support.

Table 5.2: Comparison of overall, demethylation and direct methoxy cleavage rate of
reaction between 1%Pt/Al2O3 and 5%Pt/MWCNT catalysts at T=300°C, PGua/DHE=1.16
psi, PH2=0.1 MPa
Rate of reaction/ 10-1 mole of product mole of Pt-1 s-1
Catalyst

Direct methoxy
Overall

Demethylation
cleavage

1% Pt/Al2O3

2.3

0.97

0.93

5%Pt/MWCNT

0.90

0.54

0.29
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5.4.3.4 Aromatic and saturated hydrocarbon production
At 99.99% conversion over 5%Pt-2.5%Mo/MWCNT catalyst the overall hydrocarbon
yield was in excess of 96% in a range of 0.1 to 2.4 MPa hydrogen pressure. The aromatic
to saturated C9 hydrocarbon ratio increases from 0.002 to 27.4 as hydrogen pressure
decreases from 2.4 to 0.1 MPa. As shown in Figure 5.4, the relative proportion of
propylbenzene and propylcyclohexane was strongly dependent on the hydrogen partial
pressure. The yield of propylbenzene was 93.2% at the lowest hydrogen partial pressure
of 0.1 MPa, whereas propylcyclohexane was the dominant hydrocarbon product
accounting for 97.8% yield at 2.4 MPa hydrogen partial pressure. The WHSV required to
achieve 99.99% conversion decreased from 5 to 1.6 h-1 as hydrogen pressure was varied
from 2.4 to 0.1 MPa.
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Figure 5.4 Saturated propylcyclohexane and aromatic propylbenzene hydrocarbon
product distribution as a function of hydrogen partial pressure at 300°C, a DHE partial
pressure of 1.16 psi, hydrogen partial pressure of 0.1 MPa, 0.7 Mpa, and 2.4 MPa using a
5%Pt-2.5%Mo catalyst

Given that noble metals (including Pt) are well-known hydrogenation-dehydrogenation
catalysts, the source of aromatic hydrocarbons is often debated in the literature. The
objective in this study was to track the source of propylbenzene and also compare to
theoretically calculated equilibrium ratio.
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Figure 5.5 Propylbenzene selectivity (diamonds) and the ratio of propylbenzene to
propylcyclohexane (circles) as a function of conversion at a hydrogen partial pressure of
(a) 0.7 MPa and (b) 2.4 MPa

As shown in Figure 5.5 at 0.7 and 2.4 MPa hydrogen partial pressures, propylbenzene
was consumed at a lower range of space velocities to produce propylcyclohexane. On the
right-side y-axis, dependence of experimentally obtained ratio of propylbenzene to
propylcyclohexane on conversion is shown. The ratio decreases from 0.54 to 0.12 at 0.7
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MPa hydrogen pressure, and from 0.31 to 0.002 at 2.4 MPa indicating that proportion of
ring saturated hydrocarbon increases as conversion is increased. Equilibrium constant for
benzene hydrogenation at 300°C was estimated to be 0.1 atm-3 from Prigogine et al.116,117
The theoretically estimated equilibrium ratios of benzene to cyclohexane at 0.7 and 2.4
MPa hydrogen pressure are then 0.03 and 0.0008 respectively, suggesting that
thermodynamics would favor aromatic ring hydrogenation to saturated hydrocarbon
under the reaction conditions and not the reverse reaction.

5.4.3.5 Comparison of primary reaction rate at different hydrogen pressures
As noted previously, DHE undergoes one or more of aromatic ring hydrogenation,
methoxy transformation and hydrodeoxygenation reactions to produce hydrocarbon.
Herein, we compare the effect of hydrogen pressure on each of these reaction classes and
the overall rate of DHE consumption. Reaction rates have been defined as site time yields
(STY) and normalized by Pt loading. Since the reaction network consists of consecutive
series and parallel reactions and several intermediate products it was deemed impractical
to co-feed all the possible products to achieve differential conditions. In the table below,
STYs have been compared at a similar conversion value of ~11% to elucidate the role of
hydrogen in the hydrodeoxygenation kinetics.
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Table 5.3 STYPt of DHE consumption, aromatic ring hydrogenation, methoxy cleavage
and total hydrocarbon production over the 5%Pt-2.5%Mo/MWCNT catalyst maintained
at a temperature of 300°C, partial pressure of DHE of 1.16 psi and conversion ~11%
STYPt/ 10-2 mol of product (mol of Pt)-1 s-1
Apparent
hydrogen

Hydrogen partial pressure/
0.02

0.1

0.7

2.4
order

MPa
Overall
Aromatic ring hydrogenation
Methoxy transformation
C9 Hydrocarbon

1.5

5.8

19

48

0.7

0

0.09

6

30

1.6

1.4

5.4

10

8.4

0.5

0.009

0.09

0.70

0.78

1

The overall STY pertains to the consumption rate of DHE and hence is representative of
the total catalytic activity. Aromatic ring hydrogenation is the sum total of STYs of
primary saturated ring products for instance 2-methoxy-4-propylcyclohexanol and 4propylcyclohexanol. Methoxy transformation takes in to account products from only
methoxy cleavage such as 4-propyl-1,2-benzenediol and 4-propylphenol. Finally, C9
hydrocarbon STY represents the total rate of propylcyclohexane and propylbenzene
production.

The apparent hydrogen order was estimated from the slope of plot of the log of STYPt of
product versus the log of hydrogen partial pressure (Appendix C, Figure C.2). The
aromatic ring hydrogenation rate has a hydrogen order of 1.6, compared to 0.7 for the
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overall reaction rate, indicating that as hydrogen pressure is increased the ring saturated
products will be favored. This value is comparable to ones reported in the literature for
benzene

hydrogenation

over

Pt-based

catalyst.118,119

The

C9

hydrocarbon

(propylcyclohexane and propylbenzene) rate shows a stronger dependence on hydrogen
pressure compared to methoxy cleavage or the overall rate. At lower hydrogen partial
pressure, 0.02 and 0.1 MPa, the primary reaction was methoxy transformation whereas at
2.4 MPa the aromatic ring hydrogenation was the principal primary reaction. Thus, the
hydrogen partial pressure plays a key role in not only the overall rate of reaction but also
the selectivity of products. Previously, a comparison of rates with those reported in
Nimmanwudipong et al.115 have been presented along with the details of extrapolation.

5.4.4

Pathway to methoxy deoxygenation

The methoxy group compared to phenolic hydroxyl group was relatively labile and was
first to undergo transformation. However, depending on hydrogen partial pressure the
methoxy cleavage either goes through a 4-propyl-1,2-benzenediol intermediate or directly
to 4-propylphenol. Quantification of the relative proportion of the competitive pathway
was not straightforward since 4-propyl-1,2-benzenediol also undergoes hydrogenolysis to
4-propylphenol. Furthermore, at higher hydrogen partial pressures, primary reaction was
aromatic ring hydrogenation. Therefore, computing the ratio of 4-propylphenol to 4propyl-1,2-benzenediol selectivity allows us to make a fair assessment on the favored
pathway without interference from other competing reactions.
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Figure 5.6 Methoxy-only transformation reaction pathway over the 5%Pt-2.5%Mo
catalyst at a temperature of 300°C and a hydrogen pressure range of 0.02-2.4 MPa

Comparing at a similar conversion of ~11%, the ratio of 4-propylphenol to 4-propyl 1,2benzenediol decreases from 5 to 0.61 as hydrogen pressure is decreased from 2.4 to 0.02
MPa. The total selectivity of 4-propylphenol and 4-propyl-1,2-benzenediol was >90% at
0.02 and 0.1 MPa hydrogen pressure, however they are minor products as hydrogen
pressure is increased to 2.4 MPa.
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Table 5.4 Comparison of methoxy cleavage pathway to 4-propylphenol and 4-propyl-1,2benzenediol as a function of hydrogen partial pressure at a temperature of 300°C and an
overall conversion of ~11% over the 5%Pt-2.5%Mo catalyst
Selectivity/ %
Ratio of 4Hydrogen partial
propylphenol to 44-propyl-1,2pressure/ MPa
4-propylphenol
propyl-1,2-benzenediol
benzenediol
0.02

35.0

57.4

0.61

0.1

44.3

46.2

0.96

0.7

33.4

14.1

2.4

2.4

14.6

2.90

5.0

5.4.5

Pathway to phenol deoxygenation

In order to map the reaction pathway and distinguish the primary, secondary and tertiary
reactions, trends in product selectivity as a function of conversion (WHSV studies) were
plotted. Figure 5.7 shows the plots of selectivity of (a) primary, (b) secondary, and (c)
tertiary products for 0.1 and 0.7 MPa hydrogen partial pressure conditions. The dominant
reaction pathway for each condition was represented as a series of 3 reactions,
A→B→C→D, with (A) being DHE and (D) the final C9 hydrocarbon product. The
WHSV plots for other minor products are presented in the SI along with a discussion on
their role.

At 0.1 MPa hydrogen pressure, the first step was demethylation to 4-propyl-1,2benzenediol followed by deoxygenation to 4-propylphenol or 3-propylphenol. This
pathway is further corroborated by tracking the molar flow rate of methane and 4-propyl-

104
1,2-benzenediol as a function of conversion in the lower range. At higher conversions it
is conceivable that methane may also be a result of hydrogenation of methanol, carbon
monoxide and carbon dioxide. Selectivity of the ring hydrogenation product 2-methoxy4-propylcyclohexanol was <0.6% in the entire conversion range indicating that at 0.1
MPa hydrogen pressure it was only a minor pathway. The 4-propylphenol WHSV plot
went through a maximum selectivity of 71% compared to propylcyclohexanol which only
reached up to 3%. Propylbenzene, as previously shown was a product of 4-propylphenol
direct deoxygenation. At the lowest achieved space velocity corresponding to a
conversion of 99.99%, the maximum achieved yield of propylbenzene was 93.2%.
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Figure 5.7 Selectivity vs. conversion (WHSV) plots for major primary (a, d); secondary
(b, e); and tertiary (c, f) products at 0.1 (a, b, c) and 0.7 (d, e, f) MPa hydrogen partial
pressure. Products represented in these plots are 4-propyl-1,2-benzenediol (hollow
triangles), 2-methoxy-4-propylcyclohexanol (hollow squares), 4-propylphenol (circles),
4-propylcyclohexanol
(triangles),
propylbenzene
(hollow
diamonds)
and
propylcyclohexane (squares)
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At a higher hydrogen partial pressure of 0.7 MPa, the primary reaction was methoxy loss
to 4-propylphenol with a lower proportion of 4-propyl-1,2-benzenediol compared to 0.1
MPa hydrogen pressure. As opposed to the direct deoxygenation pathway, 4propylphenol underwent ring hydrogenation to propylcyclohexanol as the major pathway.
Propylcyclohexane was produced subsequently from propylcyclohexanol deoxygenation,
accounting for 86.2% selectivity at 99.99% conversion. Propylbenzene accounted for
10.3% selectivity at that conversion produced through the direct deoxygenation route
from 4-propylphenol.

The pathway at 2.4 MPa hydrogen partial pressure was discussed previously in detail,31
where it was concluded that aromatic ring hydrogenation was the primary reaction
followed by successive methoxy and hydroxyl group losses to give propylcyclohexane.

5.4.6

Monometallic Pt and Mo catalysts

Pt and Mo catalysts were tested to ascertain the role of each metal in the reaction pathway.
Experiments were conducted at both 0.1 and 2.4 MPa hydrogen pressures, because the
bimetallic Pt-Mo catalyst exhibited a distinct pathway at each of these pressures. At 2.4
MPa hydrogen pressure, data was obtained in a range of 11-97.6% conversion for
5%Pt/MWCNT and 10-99.99% conversion for 20%Mo/MWCNT. At 0.1 MPa hydrogen
pressure, over the 20%Mo catalyst maximum conversion achieved was only 41%,
constrained by the amount of catalyst that can be loaded in the reactor. To compare the
results in a similar conversion range, data was collected over 5%Pt catalyst at 0.1 MPa
hydrogen pressure from 20-60%.
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5.4.6.1 5%Pt/MWNCT
At 2.4 MPa hydrogen pressure aromatic ring hydrogenation and methoxy cleavage are
the dominant reaction resulting in 4-propylcyclohexanol as the major product even at
97.6% conversion. Comparatively, the selectivity toward propylcyclohexane was <5%
indicating the inability of Pt to deoxygenate the hydroxyl group.
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Figure 5.8 Product ring selectivity over 5%Pt/MWCNT catalyst a temperature of 300°C
and a hydrogen pressure of 2.4 MPa. Legend: 2-methoxy-4-propylcyclohexanol (hollow
squares),
4-propylphenol
(circles),
4-propylcyclohexanol
(triangles),
and
propylcyclohexane (squares)

At a lower hydrogen pressure of 0.1 MPa, the only major transformation occurred over
methoxy group, first resulting in 4-propyl-1,2-benzenediol followed by dehydration to 4propylphenol. This was a similar pathway to the 5%Pt-2.5%Mo catalyst at the same
temperature and hydrogen pressure. The WHSV plot is presented in Appendix C.
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5.4.6.2 20%Mo/MWCNT
The weight loading on the monometallic Mo catalyst was set at 20%, because the overall
rate of reaction was orders of magnitude lower than Pt-based catalysts. At 2.4 MPa
hydrogen pressure the pathway over the 20%Mo catalyst was direct methoxy cleavage to
form 4-propylphenol accounting for ~80% selectivity. Other minor pathway over the
monometallic Mo catalyst was both methoxy and methyl reattachment resulting in C10
and C11 compounds. However, to a large extent the phenolic hydroxyl group was
unaffected resulting in relatively lower proportion of hydrocarbon product. In the light
gas products, Mo exhibited a higher proportion of methanol to methane ratio compared to
Pt-based catalysts, which may have been the reason for higher fraction of methyl
reattachment products.
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Figure 5.9 Product ring selectivity over 20%Mo/MWCNT catalyst a temperature of
300°C and a hydrogen pressure of 2.4 MPa. Legend: 4-propylphenol (circles),
propylbenzene (hollow diamonds), DHE isomer (-) and 4-propyl-1,2-dimethoxybenzene
(+)
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5.4.6.3 Comparison between Pt, Mo and Pt-Mo
At 0.1 MPa hydrogen pressure the overall STY normalized by total metal loading (STYm)
on monometallic Pt (8.94·10-2 s-1) was ~3 times higher than Pt-Mo (2.90·10-2 s-1). STYs
normalized by Pt loading only differ by a factor of ~1.5. The methoxy removal reaction
on Pt goes through a 4-propyl-1,2-benzenediol intermediate similar to the Pt-Mo catalyst
and STY was within the same order of magnitude in contrast to the monometallic Mo
catalyst where the STY was an order of magnitude lower and exhibits direct methoxy
cleavage. Since the STYs were computed in a low conversion range, the primary reaction
STY in this case methoxy transformation, represents the key share for each of the
catalytic system.

Table 5.5 STY normalized to metal loading over Pt, Mo and Pt-Mo catalysts at a
hydrogen pressure of 0.1 MPa, DHE partial pressure of 1.16 psi and a temperature of
300°C in a conversion range of 11-20%
STYm/ 10-4 mol of product mol of metal-1 s-1
Catalyst

Methoxy
Overall
transformation

C9 hydrocarbon

5%Pt/MWCNT

894

832

1.70

20%Mo/MWCNT

14.1

8

0.0197

290

270

4.37

5%Pt2.5%Mo/MWCNT
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It is worth noting that C9 hydrocarbon STY was highest on the Pt-Mo catalyst compared
to both monometallic Pt and Mo. Even though the overall STY was lower on the Pt-Mo
catalyst compared to Pt by about 3 times, the C9 hydrocarbon STY was ~3 times higher.
On the monometallic Mo catalyst, the overall STYm was 20 times lower than the
bimetallic Pt-Mo catalyst and the C9 hydrocarbon STYm by about ~200 times. This
indicates that over the Pt-Mo catalyst, Pt plays a vital role in enhancing the rate of
consumption of DHE, but the presence of both Pt and Mo is critical of C9 production.

In Figure 5.10 below, selectivity of C9 hydrocarbon was plotted as a function of
conversion across Pt, Mo and Pt-Mo catalysts. It was evident that hydrocarbon selectivity
was an order of magnitude higher on the Pt-Mo catalyst compared against either Pt or Mo
in a similar conversion range (10-70%).
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Figure 5.10 Comparison of selectivity to C9 hydrocarbon between 5%Pt (diamonds),
20%Mo (hollow circles) and 5%Pt-2.5%Mo (triangles) catalysts at a temperature of
300°C, (a) 0.1 MPa hydrogen pressure (b) 2.4 MPa hydrogen pressure, and 1.16 psi DHE
pressure.
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Figure 5.10 shows that even at 2.4 MPa hydrogen pressure, Pt-Mo was proficient at
deoxygenation whereas over Pt or Mo catalysts by itself the C9 hydrocarbon was a minor
product even at >97% conversions. On the monometallic Pt catalyst the major reactions
were

aromatic

ring

hydrogenation

and

methoxy

cleavage

resulting

in

4-

propylcyclohexanol. However, propylcyclohexane was only a minor product. Over the
Mo catalyst, the major reaction was direct methoxy cleavage to 4-propylphenol at both
0.1 and 2.4 MPa hydrogen pressures. The synergy between Pt and Mo was evident in
selective deoxygenation of DHE over a range of 0.1-2.4 MPa hydrogen pressure.

5.4.7

Light gas products

Methoxy group was the primary contributor to gas products including methane and
methanol since the tested Pt-Mo catalyst exhibited no observed C-C cracking. That is
why under most experimental conditions and catalysts the total carbon yield of C1
products was around 10%, representing the original proportion of methoxy carbon in
DHE. Carbon monoxide and carbon dioxide were secondary gas products observed from
methanol reforming and water-gas shift. Methane can be produced directly through
demethylation of methoxy group or through methanol / carbon monoxide / carbon
dioxide hydrogenation. The relative proportion of each of these species was a function of
hydrogen partial pressure as well as the conversion (Figure 5.11).
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Figure 5.11 Carbon selectivity of methane (circles), methanol (squares), carbon
monoxide (diamonds) and carbon dioxide (triangles) as a function overall conversion at
(a) 0.1 MPa and (b) 0.7 MPa hydrogen pressure over the 5%Pt-2.5%Mo catalyst at a
temperature of 300°C and DHE partial pressure of 1.16 psi.

5.5
5.5.1

Discussion

Catalyst characterization

Based on multiple characterization techniques described previously, the freshly reduced
5%Pt-2.5%Mo/MWCNT catalyst was shown to have bimetallic PtxMoy, monometallic Pt
nanoparticles as well as bulk Mo-oxide or carbide-like regions. The average particle size
increased from 2.4 ± 1.4 nm to 2.5 ± 1.3 nm indicating no significant change in particle
before and after the reaction. CO chemisorption gives a lower dispersion value than was
expected from the particle size due to one of the two reasons, a) Mo does not adsorb CO
with a 1:1 stoichiometry and b) the bimetallic Pt-Mo catalyst has fewer Pt surface sites.

5.5.2

Direct deoxygenation pathway to propylbenzene

For propylbenzene, the space velocity studies at 0.7 and 2.4 MPa show that at >95%
conversion propylbenzene was being consumed to produce propylcyclohexane. This
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proves that under experimental conditions the thermodynamics favor hydrogenation of
aromatic ring and that propylbenzene was not a dehydrogenation product of
propylcyclohexane. Further support was obtained by comparing the saturated to aromatic
hydrocarbon ratios to the estimated equilibrium ratio under the experimental conditions.
Even at the lowest space velocity, corresponding to the highest conversion the ratio of
propylbenzene to propylcyclohexane is higher than the equilibrium ratio at both 0.7 and
2.4 MPa hydrogen pressure. Therefore, equilibrium calculations also predict that
aromatic ring hydrogenation was the favored reaction and the propylbenzene was a result
of direct deoxygenation of 4-propylphenol. This result is in agreement to a recent report
published by Nie and Resasco.109 This could be done via either of three pathways, i)
direct Csp2-O hydrogenolysis or ii) partial hydrogenation of the aromatic ring, and
dehydration back to give propylbenzene or iii) keto-enol tautomerization followed by
keto hydrogenation and dehydration. The intermediate products in each of these pathways
are hypothesized to be very reactive and therefore not present in detectable limits of the
analytical system.

5.5.3

Methoxy transformation

Methoxy group undergoes transformation either through demethylation or direct cleavage
to produce methanol and 4-propylphenol. As noted above, the product of demethylation,
4-propyl-1,2-benzenediol itself undergoes reaction to form 4-propylphenol. However, the
presence of methanol also indicates a portion of 4-propylphenol was a result of direct
methoxy cleavage from DHE. Methanol yield cannot be used to estimate the rate of direct
cleavage because methanol itself undergoes reforming or hydrogenation to produce
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carbon monoxide, carbon dioxide and methane. Therefore, the trend in ratio of 4propylphenol to 4-propyl-1,2-benzenediol should only be taken as qualitative indicator of
the relative effect of hydrogen pressure on both the reactions. The increased hydrogen
pressure leads to the ratio in favor of 4-propylphenol signifying that either the direct
methoxy cleavage or the 4-propyl-1,2-benzenediol hydrogenolysis are preferred over
demethylation. Another implication was on the relative yield of methane (from
demethylation) and methanol (direct methoxy cleavage). As a consequence, when
compared in the10-60% conversion range the yield of methane was higher at lower
hydrogen pressure. In literature there are reports on utilizing methanol to add a methyl
substituent to an aromatic ring.120 Over Pt and Pt-Mo catalysts, <1% of products have
methyl reattached back to the aromatic ring since methanol hydrogenation to methane
was preferred. Therefore, the theoretical carbon yield of the liquid product was 90% with
the current process. However, increasing the methanol yield over an alternative catalyst
could lead to a C10 product with potential to recover 100% carbon in the liquid product.

5.5.4

Phenolic hydroxyl deoxygenation

WHSV studies were carried out at 0.1, 0.7, 2.4 MPa hydrogen pressure to decipher the
major primary, secondary and tertiary products. Typically, products demonstrating a
monotonically decreasing selectivity as conversion increases were categorized as primary
products. Secondary products commonly exhibited a maximum in the WHSV plot in the
mid-conversion range (40-80%). Additional information regarding the relative value of
rate constants of series reactions can be obtained by locating the position of maximum.
However, given that products were not co-fed, the concentration of intermediates varied
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along the catalyst bed, comparison was not made between the rate values of individual
steps of the series reaction. Tertiary products in this case hydrocarbons, demonstrated a
continuous upswing in selectivity as conversion was increased. The presented pathway
was based on the observed products and there are likely reactive intermediates that were
not included in the discussion since they were not present in identifiable quantities.

Previously, methoxy group deoxygenation pathway was shown to be dependent on the
hydrogen partial pressure. At 0.1 MPa hydrogen pressure (Figure 5.12a), 4-propylphenol
was observed as a secondary product resulting from 4-propyl-1,2-benzenediol
hydrogenolysis. Direct deoxygenation of 4-propylphenol led to propylbenzene with an
overall yield of 93.2%.
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Figure 5.12 Major DHE hydrodeoxygenation pathway at (a) 0.1 MPa, (b) 0.7 MPa and (c)
2.4 MPa hydrogen partial pressure represented as a series of 3 reactions, A→B→C→D at
a temperature of 300°C over Pt-based catalysts.
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Figure 5.12b shows the major pathway at 0.7 MPa hydrogen pressure, with 4propylphenol as the leading primary product compared to ring hydrogenation product, 2methoxy-4-propylcyclohexanol. Unlike 0.1 or 2.4 MPa hydrogen pressure, there was not
one dominant deoxygenation pathway and the competitive pathways had selectivity
within the same order of magnitude. Under these conditions, aromatic ring hydrogenation
was preferred over direct deoxygenation to produce 4-propylcyclohexanol. The
deoxygenation of 4-propylcyclohexanol resulted in propylcyclohexane with an overall
yield of 86.2%. The competitive direct deoxygenation pathway resulted in 10.3% yield of
propylbenzene. The dominant pathway at 2.4 MPa hydrogen pressure was aromatic ring
hydrogenation to 2-methoxy-4-propylcyclohexanol followed by methoxy cleavage and
dehydration to propylcyclohexane.

Between the methoxy and phenol substituent, the former was under all experimental
conditions the first substituent to be deoxygenated. Only at 0.1 MPa hydrogen pressure,
direct deoxygenation of phenol was a major pathway to produce propylbenzene. At both
the higher hydrogen pressures (0.7 and 2.4 MPa), aromatic ring hydrogenation preceded
hydroxyl dexoygenation.

Minor product pathway at 0.1 MPa hydrogen pressure was direct phenolic hydroxyl
deoxygenation to produce 3-propylanisole. At 0.7 MPa hydrogen pressure, minor parallel
pathways were aromatic ring hydrogenation to 2-methoxy-4-propylcyclohexanol and
direct phenolic hydroxyl deoxygenation to produce 3-propylanisole (Appendix C).
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5.5.5

Role of Pt and Mo

At 0.1 MPa hydrogen pressure, the overall STYPt was ~1.5 times lower for Pt-Mo
catalyst compared to Pt. This could be due in part to either lower surface Pt on the
bimetallic catalyst or a lower inherent rate for the alloyed Pt-Mo nanoparticle. However,
the pathway of methoxy deoxygenation was alike for both Pt and Pt-Mo catalyst
indicating similar catalytic sites are responsible. Monometallic Mo catalyst exhibits a
STYm about 20 times lower than the Pt-Mo catalyst.

Figure 5.13 Proposed DHE hydrodeoxygenation pathway at a temperature of 300°C by
comparison of results over 5%Pt, 20%Mo and 5%Pt-2.5%Mo catalyst at hydrogen partial
pressure of 0.1 and 0.7 MPa

The C9 hydrocarbon STYm was about ~3 times higher over the Pt-Mo catalyst compared
to Pt catalyst even though the overall STYm is lower by 3 times. This is consistent with
the finding that the selectivity to C9 hydrocarbons was an order of magnitude higher over
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the Pt-Mo catalyst (Figure 5.10). Over the Pt catalyst at 14.2 psi hydrogen pressure up to
60% conversion, 4-propylphenol and 4-propyl-1,2-benzenediol were the major products,
accounting for >85% selectivity. The Mo catalyst at 14.2 and 342 psi hydrogen pressure,
however, exhibited minimal aromatic ring hydrogenation activity. The major product,
even at 99.99% conversion over the Mo catalyst at 342 psi, was 4-propylphenol
indicating that while methoxy group was cleaved, the phenolic hydroxyl group was
unaffected. Isomerization and transalkylation reactions were other side reactions
observed over the Mo catalyst. One of the reasons for transalkylation activity over Mo
catalyst could be a due to higher proportion of methanol compared to other Pt-based
catalysts.

Combining data from WHSV studies from experiments at 14.2 to 342 psi hydrogen
pressure and over the PtMo, Pt, and Mo catalysts, Figure 5.13 represents possible
catalytic contributions for the different classes of reactions. In summary, experiments
over the Pt only and Mo only catalysts reveal that neither of them alone is sufficient to
complete deoxygenation of DHE. Comparing the STYm, the overall rate of reaction is
lower on Pt-Mo alloy catalyst compared to monometallic Pt, but the STYm of C9
hydrocarbon production is higher over the bimetallic Pt-Mo. This is further evidence for
the need of the presence of both Pt and Mo for selective deoxygenation of DHE to
hydrocarbons.

Our data are not sufficient, however, to differentiate the relative

importance of PtMo alloy formation versus close proximity of Pt and Mo phases.
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5.5.6

Light gas products

Methane and methanol were the gas products obtained primarily from methoxy
transformation reaction. The relative proportion of methane to methanol was dependent
on both the hydrogen pressure and overall conversion. In the lower conversion range, the
ratio of methane to methanol increased as the hydrogen pressure was decreased. This was
due to the pathway of methoxy transformation, which underwent demethylation at 14.2
psi hydrogen pressure, whereas at the 97 and 342 psi hydrogen pressures direct cleavage
to form methanol was dominant. As the conversion was increased to beyond 60-70%, the
selectivity to methanol decreased, with a corresponding increase in methane and carbon
dioxide selectivity. The drop in methanol selectivity was due in part to methanol
reforming to carbon dioxide or methanol hydrogenation to methane. Moreover, methanol
could also decompose to carbon monoxide, and followed by water-gas shift reaction lead
to carbon dioxide. Furthermore, both carbon monoxide and carbon dioxide could possibly
undergo methanation reactions. At lower hydrogen pressures the carbon dioxide yield
was significant due to water-gas shift reaction which was inhibited as hydrogen pressure
was increased. The total carbon yield for light gas products (methanol, methane, carbon
monoxide, carbon dioxide) was 11-13%. In theory the maximum carbon yield should be
10% if the only source was the methoxy substituent. However, there were minor ringopened products including propylcyclopentane and aliphatic heptanes which also would
contribute to light gas products.

121
5.6

Conclusions

In this study variation of hydrogen pressure over the range from 3 to 342 psi has been
shown to have a significant effect on the hydrodeoxygenation kinetics of dihydroeugenol,
a lignin-based model compound. A bimetallic Pt-Mo catalyst supported on MWCNT is
able to carry out hydrodeoxygenation of both the methoxy and phenolic hydroxyl groups
to produce >96% yield of C9 hydrocarbons and up to 93.2% yield of propylbenzene at
14.2 psi hydrogen pressure. Furthermore, propylbenzene is shown to be a result of direct
deoxygenation pathway and not a consequence of propylcyclohexane dehydrogenation
under the reaction conditions. The methoxy group is the first substituent to undergo a
transformation either through demethylation or direct cleavage to produce methanol,
depending on hydrogen pressure. Aromatic ring hydrogenation is the favored reaction at
higher hydrogen pressures where saturated ring hydrocarbon products dominate. At 14.2
psi hydrogen pressure the phenolic hydroxyl group undergoes direct deoxygenation to
produce propylbenzene, whereas at higher hydrogen pressures the aromatic ring
hydrogenation takes precedence followed by dehydration. The methoxy removal occurs
on the monometallic Pt catalyst as well, with the same pathway and a similar STYPt. The
Pt only and Mo only catalysts by themselves are not proficient at phenolic hydroxyl
removal in a range of 14.2-342 psi hydrogen pressure and their combined presence is
vital for complete deoxygenation.
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CHAPTER 6. SUMMARY AND FUTURE RECOMMENDATIONS

6.1

Summary

This dissertation was aimed at identifying the descriptors that control the product
distribution from thermochemical processing of biomass or biomass-derived oxygenates.
Fundamental studies were carried out using carefully chosen model compounds to
represent specific processes as well as help gain insights in to the chemical
transformation. Water-gas shift study indicated the kinetics was significantly altered in
presence of liquid water. The carbon monoxide reaction order increased to ~0.9 from
~0.1 in presence of liquid water indicating considerable decrease in the carbon monoxide
coverage over the catalyst.

In cellulose fast hydropyrolysis, residence time and temperature were shown to have a
substantial impact on product distribution. At a millisecond timescale, the cellulose
hydropyrolysis revealed that the polymeric chain underwent scission to produce a
mixture of levoglucosan, cellobiosan and other oligomer anhydrosugars. Comparing the
results to a conventional lab-scale reactor operating at a residence time of 1-3 seconds, it
was hypothesized that oligomers (mainly cellobiosan) degraded to levoglucosan and
other lighter molecules as the residence time was increased. Furthermore, increasing the
hydropyrolysis temperature in the range of 500-700°C resulted in thermal cracking which
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increased the contribution of C2 compounds such as formic acid and glycolaldehyde in
the product distribution.

Catalytic hydrodeoxygenation of biomass model compounds has been demonstrated to go
through a complex network of series and parallel reactions. The catalyst used in this
study was a bimetallic Pt-Mo supported on inert multi-walled carbon nanotubes. The dual
functionality of the catalyst was deemed critical to obtain 100% hydrodeoxygenation. A
correlation between the overall rate of reaction and the surface Pt was observed for both
furfural and dihydroeugenol hydrodeoxygenation. It is possible that surface Pt played a
decisive role in hydrogen activation which is a key aspect for the rate of hydrotreating
reactions. As Mo loading was increased on the bimetallic catalytic system, the extent of
deoxygenated products was higher when compared at similar values of conversion. Given
that Mo is a known oxophilic metal, it was hypothesized to be responsible for C-O bond
scission.

In Chapters 4 and 5, hydrogen is shown to manipulate the dominant pathway for both
furfural and dihydroeugenol hydrodeoxygenation. This resulted in a product distribution
that was a function of the hydrogen partial pressure. Over furfural, it was shown that
higher hydrogen pressure was instrumental in increasing the overall carbon yield of the
liquid product. On the contrary, at higher hydrogen pressure dihydroeugenol exhibited an
increasing degree of aromatic-ring hydrogenation which is undesirable. The common
theme in both these studies was the role of hydrogen in increasing the overall rate of
reaction. This not an unexpected result as hydrodeoxygenation proceeds through
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consumption of hydrogen to deoxygenate the model compound. Although, hydrogen
increases the rate of each individual reaction reported in this study, it does so at a
different extent. This caused an impact on the product distribution as hydrogen pressure
was varied in the range of 0.1 to 2.4 MPa. A preliminary study also suggested that
temperature has an influential role in selectivity of different pathways.

6.2
6.2.1

Future recommendations

Kinetics of phenol hydroxyl deoxygenation

Using dihydroeugenol as a model compound with both methoxy and phenol group
substitutions, the primary reaction invariably involved transformation of the methoxy
group. In Chapter 5, kinetics of methoxy transformation and the effect of hydrogen
pressure were discussed. Given that the concentration of intermediate products varied
along the catalyst bed, accurate kinetic data was not available for phenol deoxygenation
which was a secondary/ tertiary reaction. Phenol deoxygenation has been claimed to be
the slowest step in the overall reaction network.104,110 Therefore, estimating the kinetics
of phenol deoxygenation will be advantageous in understanding the hydrodeoxygenation
pathway. Furthermore, combination with DFT studies may also help resolve the debate in
literature on the mechanism of direct deoxygenation of phenol. It was also shown before
that presence of both Pt and Mo was critical in phenol deoxygenation. Performing kinetic
experiments on a series of bimetallic catalysts with different Pt and Mo ratios will shed
light on individual roles of each of the metals in the direct deoxygenation pathway.
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6.2.2

Interactions between biomass-derived oxygenates

Thermochemical treatments especially pyrolysis of intact biomass typically produce a
soup of compounds which are chemically different both in terms of the oxygen functional
group and the carbon backbone.73 These compounds may not only have different overall
activity for the given set of catalyst and reaction conditions, but also undergo positive or
negative interactions. The interaction between each of these compounds will affect the
efficacy of the catalytic hydrodeoxygenation and would need to be taken into account
before reactor design. As discussed before, the objective of this work was to understand
the fundamental workings of the catalytic hydrodeoxygenation by feeding single model
compounds. Therefore, the next logical step to bridge the gap would be to feed two or
more of these distinct model compounds and discern the effect of interactions, if any. As
a preliminary study, furfural and acetic acid were co-fed over the 5%Pt/MWCNT catalyst
to show that although the conversion of furfural was similar, acetic acid was recovered
as-is. This may suggest competitive adsorption between furfural and acetic acid over the
monometallic Pt catalyst.

Table 6.1 Furfural and acetic acid catalytic hydrodeoxygenation over 5%Pt/MWCNT
catalyst at a temperature of 284°C and 1.9 MPa hydrogen pressure
Furfural feed
Acetic acid feed
Furfural
Acetic acid
partial pressure/ partial pressure/
conversion/ %
conversion/ %
MPa
MPa
0.02

0

17

-

0

0.05

-

4.1

0.02

0.05

15

0
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Below given is the comparison of site-time yield over 5%Pt/MWCNT catalysts between
three model compounds, when they were fed individually: dihydroeugenol, furfural and
acetic acid. Data presented here was collected in a conversion range of 10-15%, which
represented aryl ether, aldehyde and carboxylic acid transformations respectively.

Table 6.2 Overall STYPt over 5%Pt/MWCNT catalyst extrapolated to conditions at a
hydrogen pressure of 1.9 MPa, 0.01 MPa of model compound and a temperature of
300°C.
Model compound

Oxygen functional
group

Overall STYPt/10-1 s-1

Dihydroeugenol

aryl ether

1.05

Furfural

aldehyde

4.40

Acetic acid

carboxylic acid

0.41

In case of dihydroeugenol, the theoretical carbon yield of liquid product achievable was
only 90%, as the methoxy group was lost either as methanol or methane. A catalytic
system that is able to re-attach methanol in form of a methyl substituent will be beneficial
in terms of increasing the theoretical carbon yield to 100%. This idea can be further
expanded in to utilizing the light C2 and C3 compounds produced during pyrolysis of
cellulose or biomass. Based on preliminary studies and a literature review, it is
considered important that the light oxygenate not undergo complete deoxygenation. For
example, over the monometallic Mo catalyst, methanol was preserved as is to a large
extent, which resulted in higher proportion of methyl-substituted aromatic rings in the
product distribution. Zeolites such as ZSM-5, as well as metal oxides have been reported
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to have the capability to adding an alkyl-substituent to the aromatic ring from methoxysubstituted benzene or methanol as a co-feed.120–122

6.2.3

Pt-based bifunctional catalysts

Literature on guaiacol hydrodeoxygenation over Pt-based catalyst suggests a higher
proportion of ring-saturated products compared to results presented in Chapter 5 at 0.1
MPa hydrogen pressure.107,123 One of the possible explanations for this behavior is the
higher proportion of monometallic Pt particles present over Pt/Al2O3 compared to the
bimetallic Pt-Mo catalyst tested in this study. Preliminary results in this study suggest
that Pt is not only responsible for hydrogen activation but also for undesirable aromatic
ring hydrogenation. However, some DFT reports suggest that alloyed Pt particle may
have a lower rate of aromatic ring hydrogenation because of absence of preferred Pt
configurations for benzene adsorption.124,125 Alloyed Pt catalysts therefore present an
exciting opportunity to further maximize the aromatic hydrocarbon yield. Other oxophilic
promoters such as Re, Sn, Nb may alter the catalyst structure and thus have an effect on
efficacy of selective hydrodeoxygenation. Furthermore, C-O bond scission activity of the
catalyst could also correlated to the oxophilicity of the promoter metal.

6.2.4

Carbide-based catalysts

Molybdenum carbide systems have been reported to have hydrodeoxygenation selectivity
from biomass-derived oxygenates.81,126 However, these catalytic systems were reported to
deactivate possibly due to buildup of oxygen species. In this preliminary work, it was
hypothesized that adding Pt to the catalyst would assist in oxygen removal from catalytic
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surface as water by hydrogen activation. Experiments were also performed at 0.1 and 2.4
MPa hydrogen pressure to compare the results with the bimetallic Pt-Mo catalyst. Initial
results suggest Pt/Mo2C was able to operate at a stable conversion at 2.4 MPa hydrogen
pressure, with comparable yields of propylcyclohexane as the hydrocarbon product.

Table 6.3 Comparison of Pt/Mo2C and 5%Pt-2.5%Mo catalysts at 99.99% conversion at a
temperature of 300°C and a hydrogen pressure of 2.4 MPa
1.5%Pt/Mo2C
5%Pt-2.5%Mo /MWCNT
Parameter
Conversion/ %

99.99

99.99

Propylcyclohexane/ %

94.4

97.8

Propylbenzene/ %

0.3

0.2

Methyl cyclopentane/ %

1.1

0.5

At a lower pressure of 0.1 MPa, continuous deactivation was observed in agreement with
other studies. Furthermore, comparing the day to day selectivity of propylbenzene in a
similar conversion range suggests that sites responsible for hydrodeoxygenation
deactivate as the catalyst is aged. This demands for a need to optimize Pt and Mo2C sites
as well study intermediate hydrogen pressures.
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Appendix A

Liquid phase water-gas shift reaction

Transmission electron microscopy
TEM measurements were carried out over fresh and used Pt and Pt-Mo catalysts
supported on norit-carbon as well as Pt/C catalyst after reduction and CO activation. The
average particle size for used catalyst is typically lower for the fresh catalyst compared to
used catalyst, but it was similar after CO activation.

Figure A.1 TEM image and size distribution for used 5%Pt/C catalyst
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Figure A.2 TEM image and size distribution for 5%Pt/C (after reduction and CO
activation) and Fresh 5%Pt-Mo/C
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Figure A.3 TEM image and size distribution for used 5%Pt-Mo/C
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Appendix B

Fast hydropyrolysis in a millisecond residence timescale reactor

Hydropyrolysis reactor pressure profile

Figure B. 1 Pressure profile at head-end and aft reactor section of the reactor for Run ID
RR09
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Liquid chromatography mass spectrometry

Figure B.2 LC-MS spectra for (a) RR07 and (b) RR08
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Appendix C

Catalytic hydrodeoxygenation of biomass model compounds

CO chemisorption isotherms

Figure C.1 CO chemisorption isotherms for (a) 5%Pt, (b) 20%Mo, (c) 5%Pt-2.5%Mo
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STEM-EELS analysis on a series of Pt-Mo catalysts
Table C.1 Percentage of different particle configurations on the fresh Pt-Mo bimetallic
catalysts as identified by STEM-EELS line-scans on at least 20 particles31
Pt Only Pt-Mo Coordinated Pt-Mo Alloy Total
Percentage of Total Particles / %
5%Pt-1.2%Mo/MWCNT

50.0

45.0

5.0

100.0

5%Pt-2.5%Mo/MWCNT

22.9

54.3

22.9

100.0

2.5%Pt-2.5%Mo/MWCNT

25.0

60.0

15.0

100.0

2%Pt-4.9%Mo/MWCNT

7.7

61.5

30.8

100.0

Thermodynamic equilibrium ratio estimation
300° ,

0.1
∙
∙

Table C.2 Estimated equilibrium ratio of propylbenzene to propylcyclohexane as a
function of hydrogen partial pressure at 300°C
Hydrogen partial pressure/ MPa
(Propylbenzene/ Propylcyclohexane)
0.1

10

0.3

1

0.7

0.063

2.4

0.0014

149
Overall and carbon mass balance
For data provided in Figure 5.2, between 7-15 hours (date of experiment 01/23/2014)
Overall mass balance:
Total DHE fed: 28.76 ml*1.038gm/ml = 29.85 gm
Liquid collected in condenser 1 = 25.84 gm, Liquid collected in condenser 2 = 2.56 gm
Mass balance = 95.14%
Carbon mass balance
DHE feed flow rate, carbon mmol min-1 = 0.375

Table C. 3 Product carbon molar flow rate to accomplish carbon balance
Compound
Carbon molar flow rate/ mmol min-1
DHE

0.234

4-propylphenol

0.099

4-propyl-1,2-benzenediol

0.020

3-propylanisole

0.0065

propylbenzene

0.0064

4-propylcyclohexanol

0.003

propylcyclohexane

0.0013

DHE isomer

0.0009

4-propylcyclohexanone

0.0007

propylcyclopentane

0.0006

Other unidentified (~9 peaks)

0.0025

Total

99.75%
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Picture of the experimental setup

Figure C.2 Picture of the high-pressure, vapor-phase continuous reactor.

Hydrogen order plots
Comparing hydrogen order between different reaction pathways is used to predict the
effect of hydrogen pressure on the selectivity of various products.
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Overall rate of DHE consumption
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Figure C.3 Hydrogen order plots for overall DHE consumption and methoxy
transformation, in a range of 0.02 to 2.4 MPa hydrogen partial pressure over 5%Pt2.5%Mo and 300°C
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C9 Hydrocarbon
LN (PH2/ psi)

0

LN (STYPt/ s-1)

0

2

4

6

8

-2
y = 0.9707x - 9.984
R² = 0.929

-4
-6
-8
-10

Aromatic ring hydrogenation
LN (PH2/ psi)

0

LN (STYPt/ s-1)

0

1

2

3

4

5

-2
-4
-6

y = 1.6221x - 8.1626
R² = 0.9061

-8

Figure C.4 Hydrogen order plots for C9 hydrocarbon and aromatic ring hydrogenation in
a range of 0.02 to 2.4 MPa hydrogen partial pressure over 5%Pt-2.5%Mo and 300°C
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WHSV plots for minor products (5%Pt-2.5%Mo)
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Figure C.5 Minor products selectivity as a function of conversion for (a) 0.1 MPa and (b)
0.7 MPa hydrogen partial pressure over 5%Pt-2.5%Mo catalyst at 300°C. Legend: 2methoxy-4-propylcyclohexanol (red triangles), 4-propyl-1,2-benzenediol (blue diamonds),
methylpropylphenol (green squares) and propylanisole (black circles)
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Light gas products (5%Pt and 20%Mo)
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Figure C.6 Carbon selectivity for light C1 products for (a) 5%Pt and (b) 20%Mo catalysts.
Legend: methane (circles), methanol (squares), carbon monoxide (diamonds) and carbon
dioxide (triangles)
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